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Abstract  
    III-V compound multijunction solar cells enable ultrahigh efficiency performance in 
designs where subcells with high material quality and high internal quantum efficiency 
can be employed. However the optimal multijunction cell bandgap sequence cannot be 
achieved using lattice-matched compound semiconductor materials. Most current 
compound semiconductor solar cell design approaches are focused on either lattice-
matched designs or metamorphic growth (i.e., growth with dislocations to accommodate 
subcell lattice mismatch), which inevitably results in less design flexibility or lower 
material quality than is desirable. An alternative approach is to employ direct bonded 
interconnects between subcells of a multijunction cell, which enables dislocation-free 
active regions by confining the defect network needed for lattice mismatch 
accommodation to tunnel junction interfaces.  
 
      We fabricated for the first time a direct-bond interconnected multijunction solar cell, 
a two-terminal monolithic GaAs/InGaAs dual-junction cell, to demonstrate a proof-of-
principle for the viability of direct wafer bonding for solar cell applications. The bonded 
interface is a metal-free n+GaAs/n+InP tunnel junction with highly conductive Ohmic 
contact suitable for solar cell applications overcoming the 4% lattice mismatch. The 
quantum efficiency spectrum for the bonded cell was quite similar to that for each of 
unbonded GaAs and InGaAs subcells. The bonded dual-junction cell open-circuit voltage 
was equal to the sum of the unbonded subcell open-circuit voltages, which indicates that 
the bonding process does not degrade the cell material quality since any generated crystal 
defects that act as recombination centers would reduce the open-circuit voltage. Also, the 
 ix
bonded interface has no significant carrier recombination rate to reduce the open circuit 
voltage.  
      Such a wafer bonding approach can also be applied to other photovoltaic 
heterojunctions where lattice mismatch accommodation is also a challenge, such as the 
InGaP/GaAs/InGaAsP/InGaAs four-junction tandem cell by bonding a GaAs-based 
lattice-matched InGaP/GaAs subcell to an InP-based lattice-matched InGaAsP/InGaAs 
subcell. Simple considerations suggest that for such a cell the currently-reported 
interfacial resistance of 0.12 Ohm-cm2 would result in a negligible decrease in overall 
cell efficiency of ~0.02%, under 1-sun illumination.  
       
      Engineered substrates consisting of thin films of InP on Si handle substrates (InP/Si 
substrates or epitaxial templates) have the potential to significantly reduce the cost and 
weight of compound semiconductor solar cells relative to those fabricated on bulk InP 
substrates. InGaAs solar cells on InP have superior performance to Ge cells at photon 
energies greater than 0.7 eV and the current record efficiency cell for 1 sun illumination 
was achieved using an InGaP/GaAs/InGaAs triple junction cell design with an InGaAs 
bottom cell. Thermophotovoltaic (TPV) cells from the InGaAsP-family of III-V materials 
grown epitaxially on InP substrates would also benefit from such an InP/Si substrate. 
Additionally, a proposed four-junction solar cell fabricated by joining subcells of InGaAs 
and InGaAsP grown on InP with subcells of GaAs and AlInGaP grown on GaAs through 
a wafer-bonded interconnect would enable the independent selection of the subcell band 
gaps from well developed materials grown on lattice matched substrates. Substitution of 
InP/Si substrates for bulk InP in the fabrication of such a four-junction solar cell could 
 x
significantly reduce the substrate cost since the current prices for commercial InP 
substrates are much higher than those for Si substrates by two orders of magnitude. 
Direct heteroepitaxial growth of InP thin films on Si substrates has not produced the low 
dislocation-density high quality layers required for active InGaAs/InP in optoelectronic 
devices due to the ~8% lattice mismatch between InP and Si.  
      We successfully fabricated InP/Si substrates by He implantation of InP prior to 
bonding to a thermally oxidized Si substrate and annealing to exfoliate an InP thin film. 
The thickness of the exfoliated InP films was only 900 nm, which means hundreds of the 
InP/Si substrates could be prepared from a single InP wafer in principle. The photovoltaic 
current-voltage characteristics of the In0.53Ga0.47As cells fabricated on the wafer-bonded 
InP/Si substrates were comparable to those synthesized on commercially available epi-
ready InP substrates, and had a ~20% higher short-circuit current which we attribute to 
the high reflectivity of the InP/SiO2/Si bonding interface. This work provides an initial 
demonstration of wafer-bonded InP/Si substrates as an alternative to bulk InP substrates 
for solar cell applications.  
 
Metallic nanostructures can manipulate light paths by surface plasmons and can 
dramatically increase the optical path length in thin active photovoltaic layers to enhance 
photon absorption. This effect has potential for cost and weight reduction with thinned 
layers and also for efficiency enhancement associated with increased carrier excitation 
level in the absorber layer.  
We have observed photocurrent enhancements up to 260% at 900 nm for a GaAs cell 
with a dense array of Ag nanoparticles with 150 nm diameter and 20 nm height deposited 
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through porous alumina membranes by thermal evaporation on top of the cell, relative to 
reference GaAs cells with no metal nanoparticle array. This dramatic photocurrent 
enhancement is attributed to the effect of metal nanoparticles to scatter the incident light 
into photovoltaic layers with a wide range of angles to increase the optical path length in 
the absorber layer. 
GaAs solar cells with metallic structures at the bottom of the photovoltaic active 
layers, not only at the top, using semiconductor-metal direct bonding have been 
fabricated. These metallic back structures could incouple the incident light into surface 
plasmon mode propagating at the semiconductor/metal interface to increase the optical 
path, as well as simply act as back reflector, and we have observed significantly increased 
short-circuit current relative to reference cells without these metal components. 
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Fig. 6.5 Measured spectral responses for the In0.53Ga0.47As solar cells grown on an InP/Si 
substrate and on a commercial epi-ready InP substrate. The calculated absorbance of the 
In0.53Ga0.47As layer for In0.53Ga0.47As/InP/SiO2/Si (solid line) and In0.53Ga0.47As/InP (dot 
line) structures are also plotted. 
 
Fig. 6.6 Calculated reflectivities of the InP/SiO2/Si and In0.53Ga0.47As/InP interfaces. 
 
Fig. 7.1 Schematic for the trade-off issue in photovoltaic layer thickness. Thinner 
photovoltaic layers will have less light absorption (left) while thicker layers will have 
more bulk carrier recombination (right).  
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Fig. 7.2 Schematic cross-sectional of a solar cell structure with a back metal layer. The 
incident light is incoupled into surface plasmons propagating at the semiconductor/metal 
interface via subwavelength-size grooves to increase the optical path by switching the 
light direction from normal to the photovoltaic layer to lateral.  
 
Fig. 7.3 Schematic of the layer configuration considered for the energy dissipation 
calculation.  
 
Fig. 7.4 Calculated energy dissipation fraction in the semiconductor layer from the 
surface plasmons propagating at the semiconductor/metal interface, depending on 
incident photon energy (a) and wavelength (b).  
 
Fig. 7.5 Schematic cross-sectional diagram of the optically thin GaAs solar cell structure.  
 
Fig. 7.6 Scanning electron microscope (SEM) images of the Ag nanoparticle arrays with 
a diameter of 60 nm and heights ranging through 10 nm to 75 nm deposited on the GaAs 
solar cells with a viewing angle of 75 degree.  
 
Fig. 7.7 Normalized photocurrent spectra for the GaAs solar cells with (a) Ag and (b) Al 
nanoparticles. Computed normalized absorbance curves in the GaAs solar cells with Ag 
and Al nanoparticles based on the optical model are also plotted.   
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diameter of 60 nm and various particle heights deposited onto glass substrates.  
 
Fig. 7.9 Calculated radiation efficiency for Ag nanoparticles.  
 
Fig. 7.10 (a) Normalized photocurrent and external quantum efficiency spectra and (b) 
light I-V characteristics under AM1.5G 1-sun solar spectrum for the GaAs solar cells 
with Ag nanoparticles with a diameter of 70 nm and height of 100 nm.  
 
Fig. 7.11 Schematic cross-sectional diagrams of (a) the waveguide-like GaAs solar cell 
with metal back layer, (b) the inversely grown GaAs solar cell used for the waveguide-
like cell structure and (c) the reference cell.  
 
Fig. 7.12 Cross-sectional SEM image for the fabricated waveguide-like GaAs solar cell 
with an Ag back layer. Note that a selective chemical etching was applied for the purpose 
to clarify each layer.  
 
Fig. 7.13 Photographs of (a) the waveguide-like GaAs solar cell with an Ag back layer 
and (b) the reference cell with a 3 μm GaAs absorbing layer. 
 
Fig. 7.14 (a) AFM and (b) SEM images of the surface of the InGaP BSF layer after 
removal of the 3 μm thick GaAs layer, which represents the roughness at the GaAs cell / 
Ag interface. 
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Fig. 7.15 Typical light I-V curves for the waveguide-like GaAs cells with Ag back 
structure and the reference GaAs cells under AM1.5 Global solar spectrum with 1-sun 
total intensity (100 mW cm-2).  
 
Fig. 7.16 Normalized photocurrent spectrum of the waveguide-like GaAs solar cell 
relative to the photocurrent of the reference cell.  
 
Fig. 7.17 Calculated dispersion relation at GaAs/Ag interface. Surface plasmon resonance 
peak is found at 600 nm, represented by the maximum of the wavevector k parallel to the 
interface.  
 
Fig. 7.18 Calculated normalized absorbance for the waveguide-like GaAs solar cell 
accounting Fabry-Perot resonance effect in the thin GaAs layer with the Ag back layer, as 
well as the wavevector parallel to the GaAs/Ag interface shown in Figure 7.17, 
superposed to the normalized photocurrent data in Figure 7.16. 
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Chapter 1 Introduction 
 
1-1. Global crisis and Solar cells  
The current world’s consumption of electric energy is around 12-13 TW and the earth 
receives more solar energy in 1 hour than is the energy used in 1 year globally, 
considering the solar constant 1.7 x 105 TW at the top of the earth’s atmosphere. [1] 
However the solar energy incidence, around 1 kW/m2, is quite dilute and requires vast 
area of energy converters to meet the world’s energy consumption. Therefore high 
efficiency solar energy conversion is crucial. Solar cells, also called photovoltaics, are 
devices converting the energy of the sunlight into electricity by the photovoltaic effect 
discovered by the French scientist Henri Becquerel in 1839. Electron-hole pairs are 
generated by the energy of the incident photons overcoming the energy bandgap of the 
photovoltaic material to make a current flow according to the built-in potential slope, 
typically with a p-n junction of semiconductor, in the material, as schematically depicted 
in Figure 1.1. Solar cells have been recognized as an important alternative power source 
especially since the 1970s oil crises. Solar cells are also promising as a carbon-free 
energy source to suppress the global warming.  
 
The energy conversion efficiency of a solar cell is defined as the ratio of the electric 
power generated by the solar cell to the incident sunlight energy into the solar cell per 
time. Currently the highest reported cell efficiencies in laboratories are around 40% while 
the energy conversion efficiencies for thermal power generation can exceed 50%.  This 
fact however never means the superiority of thermal generation since its resources such 
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as fossil fuels are limited while the solar energy is essentially unlimited. The incident 
energy flux spectrum of sunlight for reported solar cell efficiencies is standardized as 
some specifically defined spectra such as Air Mass 0 (AM0), Air Mass 1.5 Global and 
Direct (AM1.5G and AM1.5D). [2-4] Figure 1.2 shows the AM1.5G spectrum, most 
commonly referred for terrestrial-use solar cells under non-concentrated sunlight 
spectrum measurements. The solar spectrum widely ranges through 300 nm to 2000 nm 
with its peak around at 500-600 nm and a large fraction stems from the visible range. The 
dips prominently observed around at 1100 nm, 1400 nm etc. are due to the absorption 
mainly by CO2 and H2O in the atmosphere. The energy fraction of the solar spectrum 
utilized by an ideal single-junction solar cell with an energy bandgap of 1.4 eV 
determined by the detailed balance calculation based on thermodynamics considering 
recombination loss of carriers (electron-hole pairs) proposed by Shockley and Queisser 
[5] is shown in Figure 1.2. The area ratio of this energy generation spectrum by the solar 
cell to the solar irradiation spectrum corresponds to the energy conversion efficiency and 
is 31% in this case.  
 
Concentration of sunlight into smaller incident area using lenses has two advantages 
for solar cell applications. The first is the material cost reduction with smaller area of 
cells required to generate the same amount of energy. The second is the efficiency 
enhancement with the higher open-circuit voltage determined by the ratio of the 
photocurrent to the recombination current. However, too much sunlight concentration 
would rather reduce the open-circuit voltage with increased temperature and also induce 
significant power loss by the series resistance. There is therefore an optimized 
 3
concentration factor for each solar cell. Although this thesis will not discuss the detail of 
concentrators, interested readers can refer Ref. 6-8.  
 
Solar cells made of III-V semiconductor compounds have been exhibiting the leading 
energy conversion efficiencies rather than the other materials represented by silicon. [9] 
Besides the potential for high efficiency, III-V semiconductor compound materials have 
advantages including the bandgap tunability by elemental compositions, higher photon 
absorption by the direct bandgap energies, higher resistivity against high-energy rays in 
space, and smaller efficiency degradation by heat than Si solar cells. The energy 
conversion efficiencies of III-V solar cells are steadily increased year by year and 
approaching 40% for the laboratory-scale cells as seen in Figure 1.3. [10] A lot of efforts 
have been made to date to improve the cell performance further for the purpose of the 
development of space activities and the solution for the upcoming energy crisis and 
global environmental issues. 
 
1-2. Developments of multijunction III-V semiconductor compound solar cells  
Here I describe the principle, history and recent developments of multijunction III-V 
solar cells in this section. One of the major factors of energy loss in a solar cell is the gap 
between the photon energy and the bandgap energy of the photovoltaic material. No 
absorption would occur if the photon energy was smaller than the bandgap energy and 
merely the part equal to the bandgap energy out of the photon energy could be extracted 
as electric power leaving the other part wasted as heat if larger. Multistacking of 
photovoltaic materials of different bandgap energies is therefore commonly used for high 
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efficiency III-V solar cells to reduce this energy loss and absorb the photon energy from 
the sunlight spectrum more widely and efficiently, taking advantage of the tunability of 
bandgap energies and lattice constants with the compositions of III-V semiconductor 
compounds, called multijunction or tandem cells. The theoretical efficiency limit based 
on the detailed balance calculation estimated by Henry shows that a 36-gap or -junction 
cell ideally could reach 72% efficiency at a concentration of 1000 suns relative to the 
37% for a 1-gap cell. (Figure 1.4) [11] A theoretical calculation for the ideal efficiencies 
according to the bandgap energy combinations of the top and bottom semiconductor 
materials in two-junction (2J) solar cells are shown in Figure 1.5. [12] Similar 
calculations under different conditions are found in Ref. 13 and 14.  
 
For multijunction cells, monolithic or two-terminal structures are generally favored 
and used rather than expensive and impractical three- or four-terminal structures. [15] A 
schematic cross-sectional diagram of a monolithic 3J solar cell structure is shown in 
Figure 1.6. [16] Multijunction solar cells have been layered by epitaxial growth generally 
with metalorganic chemical vapor deposition (MOCVD) requiring lattice matching 
among the stacked semiconductor materials. [17-20] Figures 1.7 and 1.8 show the 
relation between the lattice constants and the bandgap energies for commonly used III-V 
semiconductor compounds. 
  
One of the most common and highest efficiency two 2J cells consists of a combination 
of In0.48Ga0.52P and GaAs with the same lattice constant of 5.64 A and the bandgap 
energy of 1.86 eV and 1.42 eV, respectively. [22-24] This InGaP/GaAs cell has the 
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highest efficiency of 30.3% under AM1.5G solar spectrum with 1-sun intensity (100 mW 
cm-2) among monolithic 2J cells [9, 24], while 4-terminal configuration allowed the 
highest 2J efficiency of 32.6% under AM1.5D spectrum at 100 suns for a lattice-
mismatched GaAs/GaSb stack (GaSb: 6.09 A, 0.70 eV). [25]  
For 3J cells, most commonly so far, a Ge bottom cell is added to the InGaP/GaAs 2J cell 
to form an InGaP/GaAs/Ge structure for Ge’s lattice constant of 5.66 A nearly equal to 
that of InGaP/GaAs. This 3J structure is grown on a Ge substrate and an advantage that 
Ge is a cheaper and mechanically stronger material than GaAs relative to cells grown on 
GaAs substrates. The current formally-reported highest efficiency solar cell (as of May, 
2008) is actually an InGaP/GaAs/Ge 3J cell with the efficiency of 40.7% at 240 suns 
under AM1.5D. [26, 27] However, it should be noted that the 0.66 eV bandgap energy of 
Ge is not optimal as the material for the bottom cell in a 3J cell. This point will be 
discussed in the following section.  
 
Specifically for the space use, very thin, light and flexible InGaP/GaAs 2J and 
InGaP/GaAs/Ge 3J cells are being developed recently. [28-30] Figure 1.9 shows a 
photograph of a flexible InGaP/GaAs 2J device. [30] Although the fabrication processes 
have not been well disclosed, the photovoltaic layers are attached to metal or polymer 
supporting films and the parent substrates for the epitaxial growth are removed somehow.  
For further improvement of the cell efficiency, cells with more junctions are being 
proposed such as an InGaP/GaAs/InGaAsN/Ge 4J structure. [31] Recently an 
(Al)InGaP/InGaP/Al(In)GaAs/(In)GaAs/InGaAsN/Ge 6J cell has been demonstrated. 
[32] The efficiency of this 6J cell was 23.6% under AM0 at 1 sun (135 mW cm-2). (Note 
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that the intensities of 1 sun for AM1.5 and AM0 are different. See Ref. 4 and 33 for the 
detail of the standard artificial solar spectra for cell measurements.) This efficiency is 
much lower than the highest efficiency 3J cell regardless of more number of junctions 
presumably due to the current-limiting InGaAsN layer with low quantum efficiency. The 
open-circuit voltage of this 6J cell was however 5.33V, significantly higher than the 3.09 
V of the highest efficiency 3J cell, simply because of the series connection of six 
semiconductor materials.  
 
1-3. 1.0 eV bandgap subcells  
Here I briefly review the fabrication and characteristics of the materials with bandgap 
energies around 1.0 eV, one of the most critical issues for the further development of III-
V multijunction cells in the near future, in this section. The optimal bandgap energy for 
the bottom cells in 3J solar cells is known to be around 1.0 eV considering the current 
matching among three subcells, assuming the top two-junction structure is the 
InGaP/GaAs. [34] Therefore materials of ~1.0 eV bandgap lattice-matched to GaAs and 
Ge are intensively searched these days. As well as replacing the Ge subcell with a 1.0 eV 
bandgap material, insertion of a 1.0 eV material between the GaAs and Ge subcells 
would also improve the efficiency. Such a 4J cell could exhibit an efficiency higher than 
50% theoretically. [35] It should be noted that another way to improve the efficiency 
from the InGaP/GaAs/Ge 3J cell is to increase the bandgap of the InGaP subcell by 
adding Al. However the addition of Al induces a significant reduction of the photocurrent 
of the InGaP cell probably due to the adverse effect of Al and the associated oxygen 
contamination on minority-carrier properties. [36] Lowering the bandgap of the GaAs 
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middle cell by substituting a portion of the Ga content with In is also a way for higher 
efficiency than the InGaP/GaAs/Ge 3J cell, although this approach accompanies lattice 
mismatch and requires graded buffer layers or suffers from large density of dislocations 
otherwise. [37, 38]  
 
InxGa1-xAs1-yNy can be lattice matched to GaAs for compositions satisfying x = 3y and 
can have a bandgap of ~1.0 eV. [39] Although this InGaAsN has been thought to be the 
most promising candidate, its minority carrier diffusion length has been too short 
resulting low output photocurrent. [40-42] Other candidates such as ZnGeAs2, GaTlP2 
and InGaAsB have not shown very promising properties either. [15]  
Sb has been recently incorporated in the nitride system to form InGaAsNSb cells lattice-
matched to GaAs with 0.92 eV bandgap and demonstrated relatively high quantum 
efficiency and current density enough for current-matching to the InGaP/GaAs cell. [43] 
The open-circuit voltage was however quite low and it is unclear if this InGaAsNSb 
would be better than Ge.  
 
An alternative is a 1.0 eV InGaAs material lattice-mismatched to GaAs with graded 
compositions in epitaxial growth. [44] A ~1 eV InGaAs subcell lattice-mismatched to 
GaAs by 2.2% was grown on an inversely grown GaAs/InGaP 2J subcell via transparent 
compositionally graded layers. This epitaxial structure was mounted to a pre-metallized 
Si supporting wafer and then the parent GaAs substrate was selectively removed resulting 
an InGaP/GaAs/InGaAs 3J cell. This inversely grown cell achieved a 38.9% efficiency 
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under AM1.5D at 81 suns and also the highest efficiency (as of May, 2008) for AM1.5G, 
1-sun condition of 33.8%. [45-47]  
 
1-4. Outline of Thesis 
In this chapter I described the importance of the photovoltaic devices or solar cells, the 
motivation of this study. In Chapter 2, I will introduce the wafer bonding technologies 
and their applications. In Chapter 3, I will describe my experiment for wafer bonding of 
GaAs and InP wafers as a preparation of the direct-bonded multijunction solar cells. In 
Chapter 4, the fabrication and characterization of lattice-mismatched GaAs/InGaAs solar 
cells via direct wafer bonding technique will be shown. In Chapter 5, the introduction and 
experiments for InP layer transfer onto Si for III-V solar cell cost reduction will be given. 
In Chapter 6, the fabrication and characterization of InGaAs solar cells grown on the 
prepared layer-transferred InP/Si low-cost alternative epitaxial substrates will be 
described. In Chapter 7, the development of GaAs “plasmonic” solar cells with metallic 
nanostructures for absorption enhancement will be described. This thesis will end with 
Chapter 8, conclusions and future outlook.  
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Fig. 1.1 Schematic diagram of the work principle of photovoltaic devices or solar cells. 
Electrical current is generated from charge carriers (electrons and holes) excited by 
incident light flowing directed by the potential slope built by a p-n junction in a 
semiconductor. 
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Fig. 1.2 Solar irradiation spectrum of AM1.5G and energy utilization spectrum by a 
single-junction solar cell with an energy bandgap of 1.4 eV.  
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Fig. 1.3 Chronological record energy-conversion efficiencies of solar cells. (from Ref. 
10)  
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Fig. 1.4 Graphical analysis of the efficiencies of 1, 2, 3 and 36 energy gap solar cells. The 
step heights equal to the photon flux absorbed, nph, by each energy gap and the step 
widths (measured from the origin) equal to the maximum energy per absorbed photon, 
delivered to the load. The efficiency of each cell is given by the ratio of the area enclosed 
by steps and the area under the outer curve, labeled 100%. (from Ref. 11) 
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Fig. 1.5 Calculated isoefficiency map for two-junction four-terminal solar cells under 
AM1.5G spectrum at one-sun illumination according to the top and bottom cell bandgaps. 
(from Ref. 12) 
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Fig. 1.6 Cross-sectional schematic of a three-junction cell structure. (from Ref. 16) 
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Fig. 1.7 Bandgap energies plotted as a function of the lattice constant of semiconductors. 
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Fig. 1.8 Conduction band edge and valence band edge energies plotted as a function of 
the lattice constant of semiconductors. The zero energy point represents the approximate 
gold Schottky barrier position in the band gap of any given alloy. (from Ref. 21) 
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Fig. 1.9 Photograph of a flexible thin-film InGaP/GaAs two-junction 4x7-cm2 film-
laminated cell. (from Ref. 30) 
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Chapter 2 Wafer bonding for solar cell applications 
 
2-1. Introduction 
  In the previous chapter, multijunction solar cells for high efficiency energy conversion 
were introduced. In this chapter, we will look into more detail or learn what kind of 
materials stacking would make multijunction solar cells more efficient. To do that, we 
use the “detailed balance limit calculation”, a method to estimate the thermodynamical 
limit of solar energy conversion, to determine ideal bandgap combinations. We will 
recognize that release of the lattice matching restriction among the stacking materials 
would give us significant improvement of efficiency. As a way to overcome the lattice 
mismatch, the wafer bonding technique is introduced as a method to stack semiconductor 
materials compared with the conventional epitaxial growth.  
 
2-2. Ideal lattice-mismatched multijunction solar cells, detailed balance limit 
calculation  
  In the previous chapter, I mentioned multijunction solar cells can exhibit higher energy 
conversion efficiencies rather than single-junction cells. In this section, let’s estimate 
what kind of combinations of semiconductor materials with bandgap energies can ideally 
achieve how much energy conversion efficiencies. To do that, here I will use the 
“detailed balance limit” calculation method developed by Shockley and Queisser. [1] The 
“detailed balance limit” represents the thermodynamical energy conversion efficiency 
limit of solar cells taking black-body radiation into account. See References 1 and 2 for 
the detail of the theory and formalism. The radiative current density Jrad can be written as 
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∫∫ Ω= ∞ gradEcrad vddeJ θρω cos/ h ,   (Eq. 1)  
 
where the radiation density ρrad is given by  
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T represents the temperature of the solar cell and was assumed to be 300 K in this Thesis, 
as in References 1 and 2. Considering the total reflection at the top surface of the active 
region, the angular integral in Eq. 1 becomes  
 
(∫ +=Ω 2/11cos nd πθ ),   (Eq. 3)  
 
where n is the refractive index of the active region, and Jrad becomes 
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The current density to the load is  
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where Jph is the carrier generation flux and 
 
( ) ( ) λλλ dIQJ Sph ∫= ,   (Eq. 7)  
 
where  
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g
E
E
Q =  ( )( )gS EE ≥λ   
0=  ( )( )gS EE <λ ,   (Eq. 8) 
 
where λ is the corresponding wavelength of sunlight, IS (λ) is the incident energy flux 
density of the solar irradiation, the energy utilization factor Q (λ) is the fraction of the 
incident energy flux used to excite electron-hole pairs, Eg is the energy bandgap of the 
solar cell material, and ES (λ) = hν is the energy of the photons with the wavelength of λ. 
Setting J = 0 in Eq. 6, the open-circuit voltage is  
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The voltage at the maximum power point is found by setting the derivative d(JV)/dV = 0.  
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Solving this transcendental equation for Vm, the current density at the maximum power 
point, Jm, is obtained by  
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Finally the solar cell efficiencies are calculated by  
 
( ) λλη dI
VJ
S
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∫= .   (Eq. 12)  
 
Air Mass 1.5 Global solar spectrum (AM1.5G) was used as IS (λ) for the cases of 1-sun 
irradiation intensity. Air Mass 1.5 Direct solar spectrum (AM1.5D) was used for 
concentration cases considering only direct incidence of the sunlight, not scattered 
photons, as appropriate for optical concentrators.  
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Figure 2.1 shows the solar irradiation spectrum, IS (λ), and the calculated energy 
utilization spectrum by a single-junction solar cell with the optimized Eg to maximize η 
under 1-sun and concentration illumination. Ratio of the integral of the energy utilization 
spectrum for the solar cell to the integral of the solar irradiation spectrum corresponds to 
the energy conversion efficiency, η, of the solar cell. The obtained η for the cell, 31.3% 
for 1 sun and 37.6% for 1000 suns, are quite consistent with the results presented in Ref. 
1 and 2.  
 
  Figure 2.2 shows an example of the solar irradiation spectrum, IS (λ), and the calculated 
energy utilization spectrum by a four-junction solar cell for 1-sun illumination. The 
bandgap energies were randomly picked and current matching among subcells was not 
considered here. Again, note that the ratio of the integral of the energy utilization 
spectrum for the solar cell to the integral of the solar irradiation spectrum corresponds to 
the energy conversion efficiency, η, of the solar cell. In this four-junction cell case, η 
reaches ~50%. We see here that multijunction solar cells can collect solar energy more 
efficiently than single-junction cells do.  
 
  First, I investigated (Al)InGaP/GaAs/3rd subcell triple junction solar cells since 
In0.5Ga0.5P/GaAs dual-junction (2J) cells are known to be the most efficient monolithic 2J 
cells, as I described in the previous chapter. Figure 2.3 shows the dependence of the 
computed detailed balance limit efficiency on the bandgap energy of the 3rd subcell under 
a 100-sun illumination. It is found that as the bandgap energy of the bottom subcell goes 
up, the efficiency could go even higher than the case of Ge, because of higher 
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photovoltage while the photocurrent is limited by the top subcells. The calculated 
detailed balance limit efficiency reaches 50.5% with a 3rd subcell with a bandgap energy 
of 1.02 eV, relative to 45.6% with a Ge 3rd subcell. Note again that the current (as of May, 
2008) solar cell efficiency record is 40.7% with an InGaP/GaAs/Ge triple-junction cell 
under a 240-sun illimination. [3] 
 
  Furthermore, if we could make a (Al)InGaP/GaAs/3rd subcell/4th subcell four-junction 
solar cell, the efficiency could be even higher. Figure 2.4 shows a contour plot of four-
junction cell efficiencies depending on the bandgap energies of the 3rd and 4th subcells. 
[4] We see that certain combination of the bandgap energies of the bottom two subcells 
would lead up to ~55% efficiency. Given a 4th subcell of In0.53Ga0.47As lattice matched to 
InP (Eg = 0.74 eV), I calculated the maximum efficiency to be 51.4% with the optimized 
3rd subcell bandgap energy of 1.06 eV.   
 
  So far we only have looked at series connection, but the calculated maximum efficiency 
reaches 55.7%, as shown in Figure 2.5, for the same (Al)InGaP/GaAs/3rd subcell/InGaAs 
four-junction solar cell with the optimized 3rd subcell bandgap energy of 1.06 eV 
assuming independent connection of the top dual-junction and the bottom dual-junction.  
 
  However, it is not trivial to fabricate these types of triple or four-junction III-V 
semiconductor compound solar cells due to the issue of lattice mismatch among materials. 
Figure 2.6 shows a plot of lattice constants and bandgap energies for commonly used III-
V semiconductor compounds, which specifically shows a lattice mismatch between top 
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subcells such as (Al)InGaP and GaAs and bottom subcells such as InGaAsP and InGaAs. 
Figure 2.7 shows cross-sectional transmission electron microscopy (TEM) images for the 
interface of grown layers and substrates with lattice mismatch for common III-V 
semiconductor compound materials. [5, 6] These images indicate that even a lattice 
mismatch of a couple of percent generates a significant density of threading dislocations, 
which would degrade the performance of photovoltaic devices by acting as carrier 
recombination centers.   
 
2-3. Wafer bonding technology for solar cell applications 
2-3-1. What is wafer bonding ? 
  Wafer bonding is a technique to form a homo- or hetero-junction by bonding two 
materials. There are two types of wafer bonding schemes. One is direct wafer bonding 
with no additional bonding layer between the two materials you want to get together. The 
other is bonding via some bonding layers such as semiconductor oxides, metals or 
adhesive polymers to enhance the bonding strength. To the best of my knowledge, direct 
wafer bonding was first proposed and demonstrated by Shimbo et al [7] as a method to 
form an abrupt p-n junction of silicon diode. They joined two mirror-polished Si wafers 
and annealed the pairs to found that the bonding interfacial strength increases with 
increasing temperature at above 300 oC to reach a fracture strength of bulk silicon (100 - 
200 kg/cm2) at 1000 oC.  
 
Presence of dislocations brings us undesirable effects on electronic performance of 
semiconductor materials, serving as easy diffusion paths for dopants or as recombination 
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centers to diminish carrier density in devices. [8] Therefore, controlling structural defects 
by misfit strain is an important issue.  
Wafer bonding, which makes a heterostructure from a pair of crystalline wafers, can 
avoid threading dislocations confining all of the dislocations at the heterointerface. 
Because only the atoms very close to the interface participate in the reaction, the rest of 
the material is not affected by the bonding process and no defects can propagate into the 
layers. In other words, we can operate a wafer bonding process at a temperature where 
covalent bonds across the heterointerface form but the thermal fluctuation cannot 
overcome the kinetic barrier for the advance of threading dislocations. Somehow low 
temperature does not allow strain relaxation by generation of threading dislocations 
which is thermodynamically preferred, but leaves the structure at a metastable state.  
 
2-3-2. Mechanics in wafer bonding 
 Wafer bonding, which makes a heterostructure from a pair of crystalline wafers, can 
avoid threading dislocations confining all of the dislocations at the heterointerface. 
Because only the atoms very close to the interface participate in the reaction, the rest of 
the material is not affected by the bonding process and no defects can propagate into the 
layers. In other words, we can operate a wafer bonding process at a temperature where 
covalent bonds across the heterointerface form but the thermal fluctuation cannot 
overcome the kinetic barrier for the advance of threading dislocations. Somehow low 
temperature does not allow strain relaxation by generation of threading dislocations 
which is thermodynamically preferred, but leaves the structure at a metastable state.  
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The transition between coherency (with no dislocation and with strain) and semi-
coherency (strain is partially relaxed by dislocations) also requires the motion of 
dislocations to (or near to) the epilayer/substrate interface, not only the discussion on 
energy we have done above.  
 
Considering the Peach-Koehler force,  
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which describes the force acting on unit length of dislocation in an external stress field, 
and from a similar formalism as the total energy by strain and dislocations, ucoh + udis, we 
derived above, the excess force to drive the bending of threading dislocations to form 
misfit segments is; 
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When σexc > 0, threading dislocations will tend to bend over to form strain-relaxing misfit 
segments. When σexc < 0, threading dislocations that have bent over to form strain-
relaxing misfit segments will tend to straighten. [9-11] 
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  Based on the excess stress, a measure of the driving force for strain relaxation by 
dislocation creation, the dynamics of dislocations in bulk materials is summarized in 
what are known as deformation-mechanism maps, hereafter denoted as DMM. Figures 
2.8 and 2.9 are the DMM for Si and Ge, respectively. [12] From the iso-strain rate 
contours in the maps, we can roughly estimate the dislocation density in the material for a 
given set of stress, process temperature and time.  
 
Let’s think about wafer bonding of Si and Ge as a case study. From Eq. 14, the 
normalized stress, σ/μ, at the bonding heterointerface is around or less than the misfit, f, 
which is 4 % for Si and Ge. This is because the Poisson’s ratio, v, is around 0.25 – 0.35 
for most common materials and then 2(1-ν)/(1+ν) is around 1. Then, in Figures 2.8 and 
2.9, the strain rate drastically varies between 1x10-10 s-1 and 1 s-1 for both of Si and Ge 
around at half of their melting temperature, at which people actually do the wafer 
bonding successfully.  
 
However, stress depends on the position in the layers from the interface. A theoretical 
model considering periodic compressive and tensile strains along the wafer-bonded 
interface shows that the strain is highly localized to the interface rapidly diminishing 
away from the interface. [13] The displacement of atoms to the direction parallel to the 
bonding interface is proportional to an exponent including the distance from the interface;  
 
⎟⎠
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⎛−∝ z
a
fExpu π2 , 
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where f is the lattice mismatch, a is the lattice constant, and z is the distance from the 
interface. From this equation, assuming f = 0.05 and a = 5 A, the atomic displacement at 
the 10 nm distant from the interface is only 0.2 % of that of the interface. Since stress is 
proportional to displacement, σ/μ is less than 1x10-4 at 10 nm distant from the interface in 
this case, where the strain rate is far smaller than 1x10-10 s-1 in the DMM. At this strain 
rate, the dislocation density is less than the order of one dislocation per centimeter, which 
is essentially negligible, after 1 hour thermal process. This implies a minimal disturbance 
to the bulk of the materials during the wafer bonding process.  
 
Actually a lot of TEM observations show only misfit dislocations at the bonded 
interface, sometimes with threading dislocation half-loops around the interface, but no 
threading dislocation throughout a layer. [14] 
This is rather different from the heteroepitaxial growth of thick layers on lattice-
mismatched substrates, in which the strain relaxation resulted in high densities of 
threading dislocations in the grown layers. When growth proceeds, many of misfit 
dislocations at the interface continue to extend into the thickness of the grown structure.  
  
Since it is known that thermal strain from difference of thermal expansion coefficients is 
proportional to the square root of layer thickness, it is often effective to thin one of the 
bonded wafers before thermal process to reduce strain, if the interface has enough 
mechanical strength to endure the thinning process. [14]  
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In equilibrium, theoretically the dislocation density in epi-grown films and wafer 
bonded films would be same, as long as the combinations of the materials are same. 
However, in wafer bonding, considering kinetics, the dislocations first generating at the 
bonding interface cannot fully propagate throughout the films or mostly stay at the 
interface leaving strain energy in the films, for common wafer bonding conditions 
(temperature, time). So, we can conclude wafer-bonded heterostructures have 
dislocations almost only at the bonded interfaces and therefore have better performance 
as optoelectronic materials than those of epi-grown heterostructures, which have 
dislocation also in the bulk region of the grown films.  
 
Practically it is difficult to have the density of threading dislocation in heteroepitaxy less 
than 1x106 cm-2. Under this defect density, most majority-carrier devices such as field-
effect transistors perform normally, but the minority-carrier devices such as lasers 
experience appreciable degradation.  
 
In contrast to the heteroepitaxial growth, these misfit dislocations were all edge 
dislocations, strictly confined at the heterointerface. Neither stacking faults nor threading 
dislocations were found over the entire region being inspected. [15-17]  
 
2-3-3. Existing applications of wafer bonding 
  Direct wafer bonding of InP and GaAs is a significant and promising process for various 
kinds of device application, such as high-speed LED and HEMT [18], long-wavelength 
VCSEL [19], nano photonic crystals for WDM [20,21] and strained SiGe-on-insulator for 
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MOSFET [22]. Recently silicon-based (i.e. compatible with conventional CMOS 
(complementary metal oxide semiconductor) technologies) hybrid InP laser was 
developed using InP/Si wafer bonding by the team of Prof. John Bower of UC Santa 
Barbara. [23] James Zahler et al, one of my collaborators, of Aonex Technologies has 
succeeded to fabricate GaN LEDs on inexpensive wafer bonded sapphire/poly-AlN 
substrates. [24]  
 
2-3-4. Wafer bonding for lattice-mismatched multijunction solar cells 
  As we saw in the previous sections, multijunction solar cells with III-V semiconductor 
compound materials are promising for ultrahigh (> 40%) efficiency solar energy 
conversion in the coming decades.  Most current multijunction solar cell design 
approaches are focused on either lattice-matched designs or metamorphic growth with 
dislocations to accommodate subcell lattice mismatch, which inevitably results in less 
design flexibility or lower material quality than is desirable. [8, 25]  
 
  Material integration by the direct wafer bonding technique enable atomic scale 
semiconductor- semiconductor bonding and do not utilize any metal as bonding agent at 
interfaces.  Thus interface transparency, thermal conductivity, thermal stability and 
reliability should be superior to mechanical stacking approaches using patterned metallic 
pastes and frits.  Also, monolithic, or two-terminal, devices can be integrated into 
modules with the same simplicity afforded by single-junction devices, with metallization 
at the very top and bottom of the stack only.  Three- and four-terminal configurations do 
not require lattice mismatch or current matching.  However, they are generally less 
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desirable structures, because of their complexities of fabrication and assembly, than the 
monolithic device. [26]  
 
  Direct wafer bonding enables dislocation-free active regions by confining the defect 
network needed for lattice mismatch accommodation to heterointerfaces. [14,27]  The 
strain is highly localized to the interface rapidly diminishing away from the interface, 
implying a minimal disturbance to the bulk of the materials during the wafer bonding 
process. [13] 
 
  Figure 2.10 shows an ideal structure of III-V multijunction solar cell, which could 
exhibit ultrahigh efficiency. [28,29]  It is difficult to prepare this multistack structure by 
epitaxial growth with optimal material quality because of the 4% lattice mismatch across 
the interface of the GaAs and InGaAs subcells.  Wanlass et al reported a 37.9% 
efficiency cell with an epitaxially grown triple-junction structure of InGaP/GaAs/InGaAs. 
[30]  However a considerable density of dislocations limiting the cell efficiency was 
observed in the InGaAs layer of graded composition.  This result suggests the potential of 
over-40% efficiency utilizing the wafer bonding technology to diminish the dislocations.  
 
  In this thesis (Chapters 3 and4), GaAs/InP direct wafer bonding was first investigated 
for mechanically robust and highly conductive heterointerfaces applicable for solar cell 
applications.  Secondly the first direct-bond interconnected multijunction solar cell, a 
two-terminal monolithic GaAs/InGaAs dual-junction cell, was fabricated based on the 
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bonding investigation to demonstrate a proof-of-principle for the viability of direct wafer 
bonding for solar cell applications.  
 
2-3-5. Wafer bonding for III-V semiconductor compounds layer transfer for 
inexpensive alternative epitaxial substrate structures 
  Wafer bonding technologies introduced in the previous sections can be applied not only 
for lattice-mismatched stacking, but also for fabrication of low-cost epitaxial substrates. 
Wafer bonding enables us to do “layer-transfer” of thin films of expensive III-V 
semiconductor compound materials onto cheaper material substrates. This technique is 
the second main topic of my thesis and its detail will be described in Chapters 5 and 6. 
The basic idea is to reduce the cost of expensive InP bulk substrate for III-V 
semiconductor compound multijunction solar cells by replacing those substrates with an 
alternative substrate structure of a thin InP film sitting on top of an inexpensive Si wafer 
(Figure 2.11), which can be fabricated through layer transfer technique using wafer 
bonding.  
 
2-4. List of symbols 
ν: Poisson’s ratio (= the negative of the ratio between lateral and longitudinal strains 
under uniaxial longitudinal stress)  
μ: shear modulus (= the ratio between applied shear stress and shear strain under pure 
shear)  
b: Burgers vector 
r0: inner radius of the cylinder, or the “cutoff” radius  
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R: outer radius of the cylinder  
β: angle between the Burgers vector and the dislocation line 
ρmd: linear density of dislocations  
f: lattice parameter misfit between the epitaxial layer and the substrate  
λ: angle between the Burgers vector and the direction that is both normal to the 
dislocation line and that lies within the plane of the interface 
h: thickness of the film 
Uedg: energy per unit length associated with the elastic stresses and strains for edge 
dislocations 
Uscr: energy per unit length associated with the elastic stresses and strains for screw 
dislocations 
σ: stress  
l: dislocation line  
θ: twist angle between the wafer pairs  
Sd: spacing between neighboring dislocations  
a: lattice constant  
Ddis: areal density of dislocations 
 
2-5. References 
[1] W. Shockley and H. J. Queisser, J. Appl. Phys. 32 (3), 510-519, 1961.   
[2] C. H. Henry, J. Appl. Phys. 51 (8), 4494–4500, 1980.  
[3] R. R. King et al, Appl. Phys. Lett. 90, 183516, 2007. 
[4] J. M. Zahler, Doctoral Thesis, California Institute of Technology, 2005.\ 
 37
[5] Y. Li et al, Phil. Mag. 85, 3073, 2005.  
[6] P. Kongjaeng et al, J. Cryst. Growth 298, 111, 2007.  
[7] M. Shimbo, K. Furukawa, K. Fukuda, and K. Tanzawa, J. Appl. Phys. 60, 2987-2989 
(1986). 
[8] S. Mahajan, Acta Mater. 48, 137-149, 2000. 
[9] D. Hull, Introduction to Dislocations, 2nd ed., Pergamon Press, 1975.  
[10] J. Y. Tsao, Materials Fundamentals of Molecular Beam Epitaxy, Academic Press, 
1993. 
[11] L. B. Freund and S. Suresh, Thin Film Materials –Stress, Defect Formation and 
Surface Evolution, Cambridge University Press, 2003. 
[12] H. J. Frost and M. F. Ashby, Deformation-Mechanism Maps, Pergamon, Oxford, 
1982. 
[13] Z. L. Liau. Phys. Rev. B 55 (19), 12899, 1997.  
[14] U. Goesele and Q. Y. Tong, Ann. Rev. Mater. Sci. 28, 215, 1998.  
[15] G. Patriarche et al, J. Appl. Phys. 82 (10), 4892-4903, 1997.  
[16] Y. H. Lo et al, Appl. Phys. Lett. 58, 1961, 1991.  
[17] Y. H. Lo et al, Appl. Phys. Lett. 62, 1038, 1993.  
[18] T. Whitaker, Compound Semiconductor 35, May, 2002.  
[19] H. C. Lin et al, J. Appl. Phys. 92, 4132, 2002.  
[20] S. Noda et al, Appl. Phys. Lett. 75, 905, 1999. 
[21] S. Noda et al, Science 289, 604-606, 2000. 
[22] B. Ghyselen et al, Solid-St. Electron. 48, 1285, 2004. 
[23] H. Park et al, Opt. Express 13, 9460, 2005.  
 38
[24] J. M. Zahler et al, Compound Semiconductor, Nov. 2006.  
[25] Y. Shimizu and Y. Okada, J. Cryst. Growth 265, 99-106, 2004.  
[26] J. M. Olson, D. J. Friedman, and S. R. Kurtz, in Handbook of Photovoltaic Science 
and Engineering, edited by A. Luque and S. Hegedus (Wiley, New York), 2003, pp. 359-
411. 
[27] A. Fontcuberta i Morral et al, Appl. Phys. Lett. 83, 5413-5415, 2003. 
[28] J. M. Zahler et al, Proc. 29th IEEE Photovoltaic Specialists Conference, 45-48, 2002. 
[29] P. R. Sharps et al, Proc. 26th IEEE Photovoltaic Specialists Conference, 895-
898,1997. 
[30] M. W. Wanlass et al, MWW 3rd ISCC, 2005.  
 39
 
 
 
0 500 1000 1500 2000 2500 3000
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
 
En
er
gy
 fl
ux
 d
en
si
ty
 (W
/m
2 /n
m
)
Wavelength (nm)
 1sun, AM1.5G solar irradiation
 Solar cell, Eg=1.4eV
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1 (a) Solar irradiation spectrum of AM1.5G, 1 sun and energy utilization spectrum 
by a single-junction solar cell with the optimized energy bandgap to obtain the maximum 
efficiency. Eg = 1.4 eV, η = 31.3%. 
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Fig. 2.1 (b) Solar irradiation spectrum of AM1.5D, 1000 suns and energy utilization 
spectrum by a single-junction solar cell with the optimized energy bandgap to obtain the 
maximum efficiency. Eg = 1.1 eV, η = 37.6%. 
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Fig. 2.2 Solar irradiation spectrum of AM1.5G, 1 sun and energy utilization spectrum by 
a four-junction solar cell. Also plotted is the energy utilization spectrum by a single-
junction solar cell with the optimized energy bandgap of 1.4 eV. 
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Fig. 2.3 Dependence of the computed detailed balance limit efficiency on the bandgap 
energy of the 3rd subcell for an AlInGaP (1.90 eV) / GaAs (1.42 eV) / 3rd subcell triple 
junction solar cell under a 100-sun illumination. 
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Fig. 2.4 Contour plot of four-junction cell efficiencies depending on the bandgap energies 
of the 3rd and 4th subcells for an AlInGaP (1.90 eV) / GaAs (1.42 eV) / 3rd subcell / 4th 
subcell four-junction solar cell under a 100-sun illumination. 
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Fig. 2.5 Dependence of the computed detailed balance limit efficiency on the bandgap 
energy of the 3rd subcell for an AlInGaP (1.90 eV) / GaAs (1.42 eV) / 3rd subcell / 
InGaAs (0.74 eV) four-junction solar cell under a 100-sun illumination assuming 
independent connection of the top dual-junction and the bottom dual-junction. 
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Fig. 2.6 Plot of lattice constants and bandgap energies for commonly used III-V 
semiconductor compounds. Note that the lattice constants of ternary and quaternary 
compounds depend on the materials composition and the values shown here is just 
examples to fit the concept of this study. 
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Fig. 2.7 Cross-sectional transmission electron microscopy (TEM) images for the interface 
of grown layers and substrates with lattice mismatch for common III-V semiconductor 
compound materials. 
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Fig. 2.8 Stress/temperature map for silicon of grain size 100 um. (from Ref. 12) 
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Fig. 2.9 Stress/temperature map for germanium of grain size 100 um. (from Ref. 12) 
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Fig. 2.10 Schematic cross section of the InGaP/GaAs/InGaAsP/InGaAs four-junction 
solar cell structure. 
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Fig. 2.11 Schematics of the cost reduction scheme by replacing conventional bulk InP 
substrates with an alternative InP/Si substrate. 
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Chapter 3 GaAs/InP wafer bonding 
 
3-1. Introduction  
  In the previous chapter, I explained why multijunction solar cells are efficient and 
lattice-mismatched materials stacking would be good, how difficult to obtain high-quality 
(i.e. low dislocation density) crystal layered structures of lattice-mismatched materials by 
epitaxial growth, and the possibility of direct wafer bonding technique to overcome this 
problem to give us the pathway to ultrahigh efficiency solar cells. In this chapter, I would 
like to describe my investigation on direct wafer bonding of GaAs and InP applicable for 
multijunction solar cell applications. 
 
Aim of this study 
  For solar cell applications, the interfaces among semiconductor layers have to be highly 
conductive not to reduce the cells’ energy conversion efficiency by dissipate the 
transferred electronic carriers as heat due to the Ohmic loss. Therefore I investigated the 
wafer bonding process of GaAs and InP to obtain Ohmic GaAs/InP junctions with low 
resistance.  
 
3-2. Experimental  
Before studying the direct bonding of solar subcells, direct bonding of bulk GaAs 
and InP wafers was investigated. (001) n-type GaAs and InP wafers doped respectively 
with Si and S were used. The basic doping concentrations were 2x 1018 cm-3 Si in GaAs 
and 4.5x 1018 cm-3 S in InP (both denoted as “n”). Interfacial bonding layers prepared by 
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MOCVD (metal-organic chemical vapor deposition) growth of thin epitaxial Se-doped 
GaAs layers on GaAs with and S-doped InP on InP with doping concentration of 1x 1019 
cm-3 (denoted as “n+”), schematically shown in Figure 3.1, were also investigated. These 
n+ heavy doped bonding layers were 20 nm thick for GaAs and 500 nm thick for InP.  
 
The GaAs and InP wafers were first coated with photoresist (Shipley 1813) with a 
spincoater with a spinning velocity 3000 rpm for 1 min followed by soft bake at 115 oC 
for 90 sec. This photoresist coating is to protect the bonding surfaces of GaAs and InP 
from particles generate in the following dicing process because interfacial particles would 
degrade the bonding strength. The wafers were then diced into ~1 cm2 area. Then the 
applied photoresist was removed sequentially placed in boiling acetone with a beaker 
placed on a hotplate at 115 oC for 10 min, in renewed acetone with a beaker placed in an 
ultrasonic bath for 15 min, in methanol with a beaker placed in an ultrasonic bath for 15 
min, and rinsed with D. I. (de-ionized) water. This series of washing process has also a 
function of surface degreasing, as well as photoresist removal. Then the native oxide was 
removed by dipping the GaAs and InP pieces in 7 vol%-HCl (aq) and 10 vol%-HF (aq), 
respectively, for 30 sec. At this point, both of the GaAs and InP wafers are observed to be 
highly hydrophobic. Then the wafers were brought into contact with their polished sides 
face to face with the (011) edges aligned, as schematically shown in Figure 3.2.  The 
joined GaAs/InP pairs were annealed at ~0.5 MPa at 270 oC in atmosphere for 10 hours 
followed by annealing in 10% H2 diluted by N2 (denoted as “H2/N2”) or N2 at 450-600 oC 
for 30 min. Some bonded pairs were subject to only one of these two annealing 
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processes. A photograph of the wafer bonding facility used in this study is shown in 
Figure 3.3.  
 
The electrical properties of the bonded interfaces were investigated for the different 
annealing conditions by measuring the current-voltage (I-V) characteristics.  Bonded 
pairs with both high and low doping concentrations at the subsequent bond interfaces 
were investigated. Indium solder pads were used for Ohmic contact from the electrical 
probes and the stage of the I-V measuring facility to the semiconductor materials, GaAs 
and InP. Figure 3.4 shows a schematic of the materials configuration in the electrical 
measurements for the bonded GaAs/InP wafers.  
 
  Secondary-ion mass spectroscopy (SIMS) depth profile measurements were 
performed across the bonded interfaces of GaAs/InP to analyze the chemical composition 
of the bonding interfaces.  Cesium ions were used for sputtering to obtain depth profiles 
of hydrogen and oxygen.  This SIMS measurement was conducted by Bob (Robert) 
Reedy at NREL (National Renewable Energy Laboratory).  
 
3-3. Results and discussion  
For multijunction solar cells, formation of mechanically robust, low resistance 
interfaces is a critical aspect for structure stability and high energy conversion efficiency.  
I-V characteristics were compared among the bonded nGaAs/nInP pairs with various 
annealing conditions.  Ohmic contact was obtained only for the pair annealed at 0.5 MPa 
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at 270 oC followed by annealing at 600 oC in H2/N2, as shown in Figure 3.5, which 
indicates a significant effect of hydrogen at high temperature.   
 
Figure 3.6 depicts the depth profiles of hydrogen and oxygen concentrations across 
the bonded nGaAs/nInP heterointerfaces measured by SIMS before and after the 
annealing in H2/N2 at 600 oC.  This result shows a significant reduction of the interfacial 
hydrogen and oxygen following the 600 oC anneal in H2/N2.  The integrated dose of 
oxygen after the 600 oC annealing corresponds to a layer with thickness of around 1 nm, 
which is a reasonable value to induce tunneling current to enable one to obtain Ohmic 
heterointerfaces, perhaps with some oxide breakdown by the applied voltage. [1, 2]  A 
general picture for the chemical evolution of the bonded bulk GaAs/InP interface could 
be as follows:  Upon room temperature bond initiation, the GaAs/InP interface is 
characterized by mainly by van der Waals bonding.  A covalently bonded GaAs/InP 
interface is subsequently formed in annealing at 270 oC under pressure, mediated by a 
thin interfacial oxide, as indicated by SIMS analysis. This is supported also by the fact 
that the interface of the bonded pair has enough strength to endure the shear force applied 
in the mechanical polishing process for the SIMS measurement.  Applied pressure is 
presumed to increase the interfacial contact area, as omission of an annealing step under 
pressure resulted in non-Ohmic I-V characteristics. Higher-temperature annealing in 
H2/N2 reduces hydrogen and oxygen at the bonded interface leading to higher interfacial 
conductance.  
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Heavy doping at the GaAs and InP interfaces to be subsequently bonded was also 
found to significantly enhance the GaAs/InP interfacial conductivity.  Figure 3.7 shows 
the I-V curves of the bonded GaAs/InP interfaces for the n+GaAs/n+InP pairs after 
pressure annealing at 270 oC only and pressure annealing at 270 oC followed by 
annealing in H2/N2 at 450 oC.  This conductivity enhancement can be explained by 
analysis of the heterojunction band offset at the GaAs/InP interface.  Electron transport 
rather than hole transport dominates the current flow in the n-type GaAs and InP used in 
this study. (n.b., the conduction-band edge of GaAs is 0.3 eV above that of InP for 
intrinsic materials. [3])  One-dimensional simulations of the heterojunction bandbending 
indicate a significant decrease in the interface potential barrier width at higher doping 
concentrations, especially on the GaAs side of a GaAs/InP heterojunction. [4]  This 
barrier thinning enables interfacial tunneling, rather than thermionic emission, leading to 
higher conductivity across the heterojunction interfaces. [5, 6] 
 
Ideally, Ohmic GaAs/InP heterojunctions would be formed by bonding at lower 
temperature to avoid possible degradation of the cell interfaces and p-n junctions for 
multijunction solar cell applications.  The approach taken here yielded Ohmic interfaces 
with < 0.10 Ohm-cm2 interface resistance at as low as 450 oC and < 1.0 Ohm-cm2 by 
solely pressure annealing at 270 oC in n+GaAs/n+InP structures, as shown in Figure 3.5 
 
3-4. Conclusions 
In this section, low resistance Ohmic GaAs/InP junctions were obtained overcoming 
~4% lattice mismatch using direct wafer bonding technique. The key factors were 
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reduction of the interfacial oxygen and hydrogen by annealing in reduction atmosphere 
and high doping for the interfacial bonding layers to induce tunneling current. The 
obtained bonded GaAs/InP structures are suitable for lattice-mismatched multijunction 
solar cell applications with their highly conductive interfaces. Simple considerations 
suggest that for such a cell the currently-reported interfacial resistance smaller than 0.1 
Ohm-cm2 would result in a negligible decrease in overall cell efficiency of ~0.02%, 
under 1-sun illumination. [7] 
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Fig. 3.1 Cross-sectional schematic of the III-V semiconductor compound wafer with a 
heavy doped bonding layer. 
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Fig. 3.2 Typical configuration of the bonded pair of semiconductor compound wafers. 
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Fig. 3.3 Photograph of the wafer bonder used in this study. 
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Fig. 3.4 Cross-sectional schematic of the materials configuration in the electrical 
measurements for the bonded GaAs/InP wafers. 
 
 61
 
 
 
-2 -1 0 1 2
-0.10
-0.05
0.00
0.05
0.10
C
ur
re
nt
 d
en
si
ty
 (A
/c
m
2 )
Voltage (V)
 270 Co only
 270 Co + 550 Co in H
2
/N
2
 270 Co + 600 Co in N2
 600 Co in H2/N2 only
 270 Co + 600 Co in H
2
/N
2
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.5 I-V characteristics of the bonded GaAs/InP heterointerfaces for nGaAs/nInP. 
Positive bias voltage was applied from the GaAs side. 
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Fig. 3.6 Elemental concentration profiles across the bonded nGaAs/nInP heterointerfaces 
measured by SIMS (a) before and (b) after the annealing in H2/N2 at 600 oC.  The profiles 
look extended along the depth than they actually are due to the roughness of the sputtered 
surface due to the thinning process by mechanical polishing. 
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Fig. 3.7 I-V characteristics of the bonded GaAs/InP heterointerfaces for n+GaAs/n+InP.  
Positive bias voltage was applied from the GaAs side. 
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Chapter 4 Direct-bonded dual-junction GaAs/InGaAs 
solar cells 
 
4-1. Introduction 
  In the previous chapter, low resistance, Ohmic GaAs/InP junctions were successfully 
fabricated via direct wafer bonding. In this chapter, the obtained GaAs/InP wafer bonding 
technique is actually applied for lattice-mismatched multijunction solar cell fabrication. 
GaAs subcells lattice matched to and grown on GaAs substrates and In0.53Ga0.47As 
subcells lattice matched to and grown on InP substrates are bonded to form GaAs/ 
In0.53Ga0.47As lattice-mismatched dual-junction solar cells.  
 
Aim of this study 
  This chapter shows the very first demonstration of multijunction solar cell fabrication 
via direct wafer bonding. The characterization results for the fabricated solar cells are 
also presented.   
 
4-2. Experimental  
In the second phase of this study for GaAs/InP direct wafer bonding following Chapter 
3, a two-terminal monolithic, dual-junction tandem solar cell was fabricated from direct 
bonding of single-junction GaAs and InGaAs subcells.  The GaAs and InGaAs subcells 
were prepared by Daniel Aiken at Emcore Photovoltaics and Mark Wanlass at NREL 
(National Renewable Energy Laboratory), respectively. Figures 4.1 (a) and (b) show 
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schematic cross sectional diagrams for the GaAs and InGaAs subcells, respectively. The 
GaAs subcell consisted of p and n type layers of GaAs epitaxially grown on a (001) GaAs 
substrate by MOCVD.  The InGaAs subcell (In0.53Ga0.47As) had a bandgap energy of 0.74 
eV and consisted of p and n type layers of InGaAs layers lattice-matched to (001) InP.  
Specifically, the GaAs subcell was terminated with a Se-doped GaAs layer with 1 x 1019 
cm-3 carrier concentration and the InGaAs subcell was terminated with a S-doped InP 
layer with carrier concentration of 2 x 1019 cm-3. The GaAs and InGaAs subcells had n-
on-p structures and the GaAs subcell had a n+/p+ tunnel junction to switch its bottom 
polarity from p-type into n-type for the bonding interface.   
 
These subcells were bonded as described in Chapter 3 and annealed at 0.5 MPa at 380 
oC for 10 hours. This relatively high bonding temperature was chosen to minimize the gas 
bubbles found at the bonding interface. After bonding of the two subcells, the GaAs 
substrate was removed to complete a GaAs/InGaAs/InP heterostructure forming the 
dual-junction solar cell, as schematically shown in Figure 4.2. The GaAs subcells had 
been grown on 625 μm thick 3-inch (001) GaAs wafers and then the GaAs wafers were 
mechanically grinded down to 150 μm thick from the back side at Emcore Photovoltaics 
in order to minimize the time required for the selective etch to remove the GaAs wafer 
totally after bonding while sustaining the strength to survive through the bonding process. 
Actually, I have an experience to bond 100 μm thick GaAs wafers, but the handling was a 
sort of difficult and I accidentally broke a lot of wafers. After the wafer bonding process 
of the GaAs subcell with the InGaAs subcell, the 150 μm thick GaAs substrate part was 
removed by chemical etching by H3PO4-H2O2-H2O (1 : 4 : 5, volume fraction) at room 
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temperature around for 1 hour. Regular commercial 85% H3PO4 and 30% H2O2 chemical 
bottles and 18 Mega Ohm de-ionized (D. I.) water were used. I dipped the bonded 
GaAs/InGaAs structure in the chemical solution until I saw the shiny smooth surface of 
the InGaP etch-stop layer. The etching solution was regularly agitated for two purposes: 
one is to prevent spatial migration of the chemicals, which would significantly decelerate 
the etching reaction, due to the large H3PO4 weight and the other is to keep the areal 
uniformity of etching rate.  
Then I deposited metal top and bottom contacts to the bonded dual-junction solar cell 
structures by thermal evaporation of Au. 150 nm thick Au was deposited by thermal 
evaporation with a deposition rate of ~5 Å/s on both of the cell front and back sides. No 
photolithography process was used, but a simply physical mask was applied for the 
evaporation to form a square ring-type front contacts. It should be noted that I missed to 
remove the 50 nm thick GaAs contact layer, which is supposed to exist only underneath 
of the front metal contact, simply due to my lack of knowledge and experience at the 
moment of this project. Proper removal of this contact layer would have increased the 
solar cell photocurrent and efficiency by minimize the wasted light absorption in the 
contact layer. Such front contact layers were properly removed for the projects of InGaAs 
solar cells on InP/Si substrates (Chapter 6) and plasmonic GaAs solar cells (Chapter 7). 
The cells were then annealed in H2/N2 at 350 oC for 30 min to form Ohmic metal contacts. 
It should be noted that the process conditions for the metallization and annealing were not 
optimized mainly because the number of the GaAs and InGaAs subcell samples delivered 
from Emcore and NREL was limited. Through the plasmonic GaAs project, to be 
described in Chapter 7, I have got a feeling that this annealing temperature of 350 oC may 
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have been too high and probably caused some electrical shunting at the p-n junctions due 
to Au diffusion to reduce the open-circuit voltage of the cell.   
 
  Photovoltaic I-V characteristics of the bonded GaAs/InGaAs dual-junction cell were 
measured with 0.337 cm2 active illumination area under AM1.5 Global solar spectrum 
with 1-sun total intensity (100 mW cm-2).   For comparison, photovoltaic I-V 
characteristics of the unbonded GaAs and InGaAs subcells were also measured.  Each of 
the subcells was processed in the same way as the bonded GaAs/InGaAs cell. The GaAs 
subcell was mounted on a handling glass substrate with gold film via conductive silver-
epoxy glue, for its inversely-grown structure, and the original GaAs substrate was 
removed by the same chemical etching used for the bonded dual-junction cells.  A cross-
sectional schematic of this reference GaAs cell is shown in Figure 4.3.  Regular plain 
smooth glass micro slides such as Corning 2947 with a thickness of ~1 mm were diced 
into ~ 1cm X 1cm size and 150 nm thick Au was deposited by thermal evaporation with a 
deposition rate of ~5 Å/s on the glass slides. The silver-epoxy glue was roughly a 1:1 
(volume ratio) mixture of Epoxy Technology H20E-175 Part A and Part B, which bonded 
the inversely grown GaAs cells and the Au-deposited glass plates by being cured on a 
180 oC hotplate for 2 hours in the atmosphere.  
 
4-3. Results and discussion  
  Figures 4.4 and 4.5 show AFM images of the bonding surface of the GaAs top subcell 
and the InGaAs bottom subcell. The measured root-mean-square (RMS) roughness for 
each subcell was around 10 Å or a little less than that for both of the GaAs subcell and 
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the InGaAs subcell. This surface roughness was smooth enough to give successful direct 
wafer bonding, while other test cell samples with RMS roughness around 100 Å were not 
successfully bonded with similar process conditions. Additionally, the RMS roughness 
for the GaAs and InP commercial epi-ready wafers used for the wafer bonding study in 
Chapter 3 was 3-5 Å.  
 
The photovoltaic I-V characteristics of the bonded GaAs/InGaAs dual-junction solar 
cell are shown in Figure 4.6 (inset).  The device parameters for this cell were Jsc = 12.5 
mA cm-2, Voc = 1.20 V, FF = 0.62, and η = 9.3 %, where Jsc, Voc, FF and η are short-
circuit current, open-circuit voltage, fill factor and energy conversion efficiency, 
respectively.  The low fill factor may be accounted for by series resistance in the contacts, 
which can be lowered by contact redesign.  The interfacial resistance for bulk GaAs/InP 
bonded under the conditions used for the cell was only around 10% of the total series 
resistance of the cell estimated from the photovoltaic I-V characteristics.  The Vocs of the 
unbonded GaAs and InGaAs subcells were 0.91 V and 0.27 V.  Thus, the Voc of the 
bonded GaAs/InGaAs dual-junction cell was approximately equal to the sum of the open 
circuit voltages for the GaAs and InGaAs subcells.  This Voc result indicates that the 
bonding process does not degrade the cell material quality since any generated crystal 
defects that act as recombination centers would reduce Voc. [1, 2]  Also, the bonded 
interface has no significant carrier recombination rate to reduce the open circuit voltage.  
 
  The spectral response for the bonded dual-junction cell and unbonded GaAs and InGaAs 
subcells is given in Figure 4.6.  The bottom InGaAs subcell as well as the top GaAs 
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subcell of the bonded tandem cell was found to be photovoltaically active.  This result 
indicates a highly transparent bonded GaAs/InGaAs interface.  The result of the bonded 
cell is similar to the unbonded subcells in spectral response and indicates only a small 
loss of quantum efficiency (~10 %) by the cell stacking with direct wafer bonding.  The 
poor quantum efficiency, specifically for the higher energy region, may be caused by a 
high surface recombination rate at the top surface. [3]  Anti-reflective coating, surface 
passivation and optimization of cell assembly parameters, such as metal contacts and 
current matching, would give further improvement of the cell efficiency. 
 
4-4. Conclusions 
  In this chapter, we demonstrated use of direct wafer bonding in a tandem solar cell for 
the first time.  Such an approach can also be applied to other photovoltaic heterojunctions 
where lattice mismatch accommodation is also a challenge, such as the 
InGaP/GaAs/InGaAsP/InGaAs four-junction tandem cell, schematically shown in Figure 
4.7, by bonding a GaAs-based lattice-matched InGaP/GaAs subcell to an InP-based 
lattice-matched InGaAsP/InGaAs subcell.  
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Fig. 4.1 Schematic cross-sectional diagrams for the (a) GaAs and (b) InGaAs subcells. 
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Fig. 4.2 Schematic cross-sectional diagram of the bonded dual-junction GaAs/InGaAs 
solar cell. 
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Fig. 4.3 Cross-sectional schematic of the reference GaAs cell. 
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Fig. 4.4 AFM topological images of the bonding surface for the GaAs top subcell. The 
RMS roughness was around 10 A. Note that the abrupt horizontal lines are due to 
instrumental artificial noise and should be neglected. 
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Fig. 4.5 AFM topological images of the bonding surface for the InGaAs bottom subcell. 
The RMS roughness was around 10 A. Note that the abrupt horizontal lines are due to 
instrumental artificial noise and should be neglected.  
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Fig. 4.6 Spectral response for the bonded GaAs/InGaAs dual-junction solar cell and 
unbonded GaAs and InGaAs subcells and (inset) I-V curve for the bonded GaAs/InGaAs 
solar cell at 1 sun, AM1.5G. 
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Fig. 4.7 Schematic cross-sectional diagram of an ultrahigh efficiency 
InGaP/GaAs/InGaAsP/InGaAs four-junction solar cell. 
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Chapter 5 InP/Si bonding and InP layer transfer 
 
5-1. Introduction 
  In the previous chapters, I explained that multijunction solar cells of III-V 
semiconductor compounds exhibit very high energy conversion efficiencies. However, 
production cost is an important key factor as well as energy conversion efficiency for 
wide use of such solar cells specifically for terrestrial use. Let us take a look at the 
schematic diagram of the four-junction solar cell again in Figure 5.1. Simply looking at 
the thickness of each layer, we notice that the InP substrate dominates the most fraction 
of the total thickness of the cell with it’s thickness of a couple of hundreds micron 
relative to the other layers of a couple of micron thick at most. Therefore we would like 
to reduce the cost of the InP substrate, which has a large fraction of the fabrication cost 
for the solar cell.  
 
  Engineered substrates consisting of thin films of InP on Si handle substrates (InP/Si 
substrates or epitaxial templates) have the potential to significantly reduce the cost and 
weight of compound semiconductor solar cells relative to those fabricated on bulk InP 
substrates. InGaAs solar cells on InP have superior performance to Ge cells at photon 
energies greater than 0.7 eV. The current record efficiency cell for 1 sun illumination was 
achieved using an InGaP/GaAs/InGaAs triple junction cell design with an InGaAs 
bottom cell [1]. Thermophotovoltaic (TPV) cells from the InGaAsP-family of III-V 
materials grown epitaxially on InP substrates would also benefit from such an InP/Si 
substrate [2]. Substitution of InP/Si substrates for bulk InP in the fabrication of such a 
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four-junction solar cell could significantly reduce the substrate cost. For example, typical 
price of a 4-inch InP wafer is ~$1000/wafer, relative to ~$10/wafer for a 4-inch Si wafer, 
as of Aug. 2007. Switching the major part of growth substrates from InP or other III-V 
materials into Si also has such advantages as follows. Si is mechanically more robust than 
III-V semiconductor compound materials. Si has higher thermal conductivity than III-V 
materials do and therefore would have less energy conversion efficiency loss due to 
increased temperature of solar cells specifically for optical concentrator use. Si has 
lighter (~1/2) weight than III-V materials do, which would particularly be a benefit for 
space use.    
 
  Direct heteroepitaxial growth of InP thin films on Si substrates has not produced the low 
dislocation-density high quality layers required for active InGaAs/InP in optoelectronic 
devices due to the ~8% lattice mismatch between InP and Si [3]. Wafer bonding on the 
other hand is not subject to lattice matching limitations associated with epitaxial growth, 
and has been used to fabricate materials that consist of crystalline semiconductors on 
amorphous materials and also to integrate crystalline materials of different lattice 
constants. For the integration of both crystalline-amorphous and crystalline-crystalline 
pairs, defects caused by the lack of crystallographic registry are isolated to the wafer-
bonded interface. Thus, provided the wafer-bonded interface does not play an active role 
in the operation of the device, the independent materials and devices fabricated in them 
can in principle have performance typical of devices made on or in the bulk material.  
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  Layer transfer of a high quality single crystal InP film onto a Si bulk substrate can be 
accomplished through wafer bonding of InP to Si and exfoliation of a thin film from the 
InP wafer induced by implantation of light elements such as hydrogen and helium [4-6]. 
The implantation process results in a high density of point defects near the region where 
exfoliation occurs, however most of this region can be removed by thinning the 
transferred film. Furthermore, the point defects generated by the implantation process 
have previously been shown to have minimal impact on the quality of InP grown on 
transferred thin films of InP [7]. This is likely because during the epitaxial process, 
vacancies in the growth surface are occupied by the appropriate anion or cation adatom. 
Because only a few μm of InP are consumed in the transfer of a film and subsequent 
reclaim of the InP substrate, a single InP wafer could be reused repeatedly to generate 
many InP/Si substrates, thus reducing the material cost of InP in devices grown on those 
substrates.  
 
Overview of this study 
  First I fabricated InP/Si direct-bonded, layer-transferred epitaxial substrates, but 
delamination in the MOCVD growth process is observed. Aonex Technologies, Inc., one 
of my collaborators and whom I have been sharing technical information with each other 
throughout this project, successfully made InP/SiO2/Si substrates and were good in the 
growth of InGaAs solar cells. For the detail of the InGaAs solar cell growth on the 
prepared InP/SiO2/Si substrates and cells’ characterization will be described in the 
following chapter.  
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5-2. InP/Si direct-bonded alternative substrate  
5-2-1. Experimental  
Ion-implantation-induced exfoliation of InP  
  The basic process schematic for the InP layer transfer to fabricate alternative InP/Si 
epitaxial substrate (epitaxial templates) is shown in Figure 5.2. Epi-ready p-type (Zn 
doped) 2-inch InP (100) wafers with doping concentration of 4x1018 cm-3 were purchased 
from InPACT, Inc. He+ and H+ ions were implanted into the doses of 1x1017 cm-2 and 
1.5x1016 cm-2, respectively, with implantation energies and currents of 115 keV, 80 μA 
and 80 keV, 150 μA, respectively. The implantation was done into the polished side of 
the InP wafers. The ion implantation was done by Leonard J. Kroko, Inc. These 
implantation doses and currents were carefully chosen through trial and error based on 
the two points:  
1. The implantation dose has to be large enough to exfoliate the InP wafers in the 
following bonding/annealing process 
2. The implantation current has to be low enough to avoid partial exfoliation of the InP 
wafers due to the accumulated heat by implantation energy flux 
Therefore, ideally it would be better to have higher implantation dose and lower 
implantation current. However the process time, which is proportional to implantation 
dose divided by implantation current, reflects the implantation cost and therefore those 
two parameters had to be optimized. The implantation energies or voltages determines 
the implantation depth and were chosen to give ~1 um implantation depth for both of He+ 
and H+ using SRIM, a Monte-Carlo simulation package for implantation depth profiles. 
For this study, p-type InP wafers were mainly used since III-V semiconductor compound 
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solar cells are typically grown to n-type photovoltaic active layers at the top and p-type 
layers at the bottom. It should be however noted that I succeeded in layer transfer also of 
n-type (S doped) InP with the same process conditions. I have not investigated deeply, 
but helium-only implantation may also work, as seen in the InP/SiO2/Si substrate 
fabrication by Aonex Technologies, Inc. described in the following section.  
 
Wafer bonding and layer transfer 
p-type conductive (doping concentration > 1x1018 cm-3) Si (001) epi-ready wafers were 
used as the supporting substrate. After implantation, the InP wafers were first coated with 
photoresist (Shipley 1813) with a spincoater with a spinning velocity 3000 rpm for 1 min 
followed by soft bake at 115 oC for 90 sec. This photoresist coating is to protect the 
bonding surface of InP from particles generate in the following dicing process because 
interfacial particles would degrade the bonding strength. The wafers were then diced into 
quarters of the original 2 inch diameter size. Then the applied photoresist was removed 
sequentially dipped in acetone for 10 min and then in methanol for 10 min, and rinsed 
with D. I. (de-ionized) water. This series of washing process has also a function of 
surface degreasing, as well as photoresist removal. Then the native oxide was removed 
by dipping both the InP and Si wafers in 10 vol%-HF (aq) for 30 sec. At this point, both 
of the GaAs and InP wafers are observed to be highly hydrophobic. Surface activation by 
oxygen plasma was also tested, but this surface treatment prior to wafer bonding oxidized 
the wafers and made the two wafer surfaces to be bonded repulsive like same polarity of 
magnets and therefore was not adopted in this study. Then the wafers were brought into 
contact with their polished sides face to face with the (011) edges aligned. The joined 
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InP/Si pair was annealed at ~1 MPa at 400 oC in atmosphere for 10 hours to make InP/Si 
bond and also to exfoliate an InP thin film by thermal expansion of the implanted ions. 
The wafer bonding facility used in this study was same as the one used in Chapters 3 and 
4 and its photograph is shown in Figure 3.1 in Chapter 3. As the result of this process, a 
structure of a ~900 nm thick InP thin film bonded on top of a Si substrate is obtained, as 
its photograph is shown in Figure 5.3. Because of the quite thin thickness of the 
exfoliated InP film, in principle we could fabricate hundreds of the alternative InP/Si 
epitaxial substrates from a single InP wafer, which has potential of a significant 
production cost reduction of III-V semiconductor compound solar cells.  
 
Smoothening of InP surface 
The as-transferred InP/Si alternative substrates have rough InP surface inappropriate 
for subsequent epitaxial growth. Also, due to the implantation-induced damage around at 
the exfoliation surface in InP wafers, removal of such damage region is needed for proper 
subsequent epitaxial growth. [5, 8] I therefore attempted to remove the damage region as 
well as smoothening the InP surface by using chemical etching and also by chemical 
mechanical polishing (CMP). Chemical etching was carried out using combinations of 
oxidizers such as H2O2, dissolving strong acids such as HCl and diluents such as H3PO4 
at room temperature. CMP process was carried out using a PM5 polisher (Logitec, Inc.) 
with a soft polyurethane polishing pad (“Politex” cloth, Eminess Technologies, Inc.) 
rotated at ~10 rpm using (chemicals) with an applied pressure of ~50 kPa in the 
Nanofabrication Laboratory in UCLA. The InP/Si substrates were mounted on either a 4-
inch glass plate or silicon wafer via crystal bond and then attached to a wafer jig. A 
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chemical solution consisting of 1:10 (vol.) sodium hypochlorite (NaOCl) (5-6% aq.) - 
H2O and 1:2 (vol.) citric acid (C6H8O7) (10% aq.) -H2O was regularly applied to the 
polishing pad to assist polishing. [9] No abrasive particle was used. 
 
Contact-mode atomic force microscopy (AFM) measurement was used to determine 
the surface roughness for the as-transferred and smoothened InP surface of the InP/Si 
alternative substrates.  
 
InGaAs growth on the InP/Si alternative substrates 
To test the quality of the fabricated InP/Si alternative substrate as an epitaxial growth 
substrate relative to bulk InP substrates, lattice-matched InP/In0.53Ga0.47As/InP double 
heterostructures (DHs) were grown with metalorganic chemical vapor deposition 
(MOCVD). This MOCVD growth was done by Daniel Law at Spectrolab, Inc. The DHs 
were grown simultaneously on the layer-transferred (100) InP / (100) Si structures and 
also on a bulk (100) InP control wafer. The InP/InGaAs/InP DH was capped by an 
InGaAs layer.  
 
5-2-2. Results and discussion  
Smoothening of InP surface 
Figure 5.4 shows a typical AFM topological image for InP surface of the as-transferred 
InP/Si alternative substrate. The measured root-mean-square (RMS) roughness was 
around 100 Å, which is much larger than the typical value for epi-ready substrates, 1-10 
Å. Therefore I tried to smoothen this rough surface for subsequent epitaxial growth by 
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using liquid-phase chemical etching and chemical mechanical polishing (CMP) 
techniques.  
 
Chemical etching solutions for III-V and IV group semiconductors such as GaAs, InP, 
Si and Ge commonly consist of oxidizers to first form semiconductor oxide solvable with 
acids, acids to dissolve the semiconductor oxide and diluents, typically weak acids, to 
adjust the etching rate and surface roughness. For the case of InP etching and 
smoothening, first InPO4 or In2O3 is formed at the surface of InP by an oxidizer such as 
H2O2 and then this oxide is dissolved by a strong acid such as HCl, as schematically 
depicted in Figure 5.5. [10, 11]  
 
Table 5.1 shows the list of the chemical solutions used in this study for InP smoothening. 
Out of this list, only HCl-H2O2-H3PO4 [11-14] and HCl-H2O2-CH3COOH [15-17] were 
found to exhibit notable smoothening effect. AFM images for the morphological 
evolution of the InP surface by the HCl-H2O2-H3PO4 etching is shown in Figure 5.6. The 
finished RMS roughness of the InP surface was ~30 Å for both 1:2:2 (volume fraction) 
solution at the point of 1 min dip and 1:7:2 solution at 1 min or later. The etching rate 
was determined to be 360 nm/min and 35 nm/min for 1:2:2 and 1:7:2 solutions, 
respectively. 1:7:2 HCl-H2O2-CH3COOH solution (40 nm/min) also resulted in ~30 Å 
RMS roughness at 4 min, while no smoothening was observed for 1:2:2 HCl-H2O2-
CH3COOH (1300 nm/min). Dilution of the acid (dissolver) seemingly gives more or less 
smoother etching. This result can be attributed to mass-transfer-limited chemical reaction, 
where etch rates at peaks are higher than etch rates at valleys and hence the surface is 
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smoothened. Larger oxidizer fraction relative to acid may also have higher smoothening 
effect due to dissolution-limited circumstance since oxidation process is more sensitive to 
electron concentration, surface orientation, crystal defects and so forth, which would 
cause higher areal nonuniformity for etching rate. [18, 19]  
 
  As described above, proper chemical etching could successfully smoothen the InP 
surface of the InP/Si alternative substrate down to RMS roughness ~30 Å relative to ~100 
Å as layer-transferred. However, this roughness is still not quite ideal for subsequent 
epitaxial growth compared with 1-10 Å RMS roughness for commercial  
”epi-ready” bulk substrates. Therefore, I also tried chemical mechanical polishing (CMP), 
which is commonly used in semiconductor industry for epi-ready surface preparation. 
Figure 5.7 shows AFM topological images for some of the successful resulted InP surface 
of the InP/Si substrates. RMS roughness as small as 3 Å at best has been achieved. Etch 
pits were occasionally found presumably stemming from intrinsic etch pits existing in the 
InP wafers selectively etched in CMP. This obtained RMS roughness is quite comparable 
to the commercially-available “epi-ready” grade semiconductor substrates, which means 
appropriate for epitaxial growth. It should be however noted that CMP process has 
somehow poor reproducibility for resulted surface. The polishing rate and areal 
uniformity are very sensitive to the condition and only a slight difference of the process 
condition we would not notice could give a drastic difference to the result. Therefore it is 
crucial to choose stable conditions for CMP operation through trials.  
 
Growth of InP/InGaAs double heterostructures 
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Figure 5.8 (a) and (b) show typical cross-sectional scanning electron microscopy 
(SEM) images for the grown InP/InGaAs DH on the InP/Si substrate. Also shown in 
Figure 5.9 (a) and (b) are optical photographs of an InP/Si substrate etched by HCl-
H3PO4-H2O2 (1:2:2 vol.) for 20 sec before and after InP/InGaAs DH growth, respectively. 
It was found that a significant fraction of the grown InP/InGaAs DH film is delaminated 
from the InP/Si substrate, as also seen in Figure 5.8 (b).  
 
This delamination of the growth films is attributed to the mismatch of the coefficients 
of thermal expansion (CTE) between InP and Si. Figure 5.10 shows the thermal 
expansion of semiconductor materials. [20] As seen in Figure 5.10, the InP film will have 
compressive strain from the Si substrate due to temperature increment for the MOCVD 
growth from the bonding temperature since the thermal expansion slope is larger for InP 
than Si and then tensile strain as the temperature goes down to room temperature after the 
growth. The film delamination is considered to have happened either or both of these 
heating or/and cooling process due to the strain in the film.   
 
There are a couple of potential solutions to this film delamination problem, such as 
insertion of a bonding layer to accommodate the CTE mismatch, thinning the InP film to 
give flexibility to endure the strain, bonding initiation at higher temperature, and 
reduction of growth temperature. Successful InGaAs growth on InP/Si alternative 
substrates was achieved using SiO2 bonding layer by a research team at Aonex 
Technologies, Inc., one of my collaborators, which is described in the next section.  
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5-3. InP/SiO2/Si substrates 
5-3-1. Experimental  
  InP (001) substrates and thermally oxidized Si (001) handle substrates were used for the 
fabrication of InP/Si substrates for growth of InGaAs solar cell test structures. However, 
experiments were also conducted with Si (001) substrates that had been coated with a 
silicon dioxide (SiO2) film using plasma-enhanced chemical vapor deposition (PECVD) 
from a tetraethyl orthosilicate (TEOS) precursor. The PECVD oxide was subsequently 
densified by annealing and subjected to a chemical mechanical polish (CMP) to give a 
particle-free smooth bonding surface. Use of a SiO2 film was found to improve the 
thermal stability of the bonded interface relative to structures fabricated with a direct 
semiconductor-semiconductor bond. InP/Si substrates fabricated with handle substrates 
having thermal or CVD-deposited oxides resulted in >90% layer transfer and good 
subsequent thermal stability.  The first step in the InP/Si substrate fabrication was the ion 
implantation of the InP wafer with He+ at an energy between 115 and 180 keV to a dose 
of at least 1.0x1017 cm-2. Prior to wafer bonding the surfaces of both the InP and the Si 
handle substrates were prepared by wet chemical cleaning to remove organic and 
particulate contamination followed by activation of the bonding surfaces with an 
atmospheric pressure plasma exposure. Bonding between the InP and the Si handle was 
then initiated at a temperature of 150 oC or greater. The two substrates were then 
annealed under uniaxial pressure greater than 1 MPa to promote the formation of 
covalent bonds between the InP and Si substrates and induce the exfoliation of a thin 
layer (~900 nm) of InP thus forming the InP/Si substrate. A typical image of an InP/Si 
substrate fabricated by transferring a thin InP film to a Si substrate with a SiO2 bonding 
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layer is shown in Figure 5.11. The film was transferred from an InP substrate implanted 
with He+ to a dose of 1.0x1017 cm-2 at an energy of 180 keV. 
 
5-3-2. Results and discussion  
  The ion implantation induced exfoliation process results in lattice damage in the 
transferred film with a damage peak roughly coinciding with region where exfoliation 
occurs. Thus, in the as-transferred InP/Si structure there is a distribution of lattice defects 
with a peak at the surface of the transferred film decreasing to a minimum defect density 
in the material adjacent to the bonded interface. Figure 5.12 shows a representative cross-
sectional transmission electron (XTEM) micrograph of a film transferred from InP 
implanted with 115 keV He+ to a dose of 1.0x1017 cm-2.  The inset selected area 
diffraction (SAD) pattern shows that the InP adjacent to the bonded interface is single-
crystalline. Close inspection of the defect structure using high-resolution XTEM imaging 
showed that the strain contrast is caused by a both extended defects that can be directly 
imaged and point defects such as vacancies and interstitials. It is essential that the 
damage in the as-transferred InP thin film in InP/Si engineered substrates be minimized 
prior to epitaxial growth of III-V materials. In particular, extended defects that intersect 
the growth surface are problematic for growth. For the InP/Si substrates used for growth 
of InGaAs test cells, the damaged surface region of the as-transferred InP film was 
removed leaving a film of ~400 nm thickness. The transferred films were thinned using a 
combination of inductively-coupled plasma reactive ion etching (ICP-RIE) for damage 
removal and a wet chemical etch for surface smoothing. Contact-mode atomic force 
microscopy (AFM) measurements of the InP/Si substrates showed that the as-transferred 
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roughness of >100 Å RMS was reduced to 50-100 Å RMS following the etching process. 
More importantly, the most heavily damaged material at the surface of the InP transferred 
layer was removed. 
 
On contrast to my InP/Si direct-bonded structures, this InP/SiO2/Si structure exhibited 
significantly higher stability in the high-temperature (~650 oC) MOCVD process and 
resulted in no delamination of the InP transferred thin film part. The SiO2 of the bonding 
layer is amorphous and absorbs contaminations such as light gases at the bonded 
interface, which would otherwise be a cause of debonding or delamination by generating 
gas bubbles, due to the high diffusivity and solubility of light gases in amorphous SiO2. 
We chose SiO2 as the bonding layer also because SiO2 can be easily formed on Si wafers 
and activation techniques for bonding SiO2 surface has been well established.  
 
5-4. Conclusions 
  800nm-thick InP thin films were successfully layer-transferred onto Si substrates 
through hydrogen/helium induced exfoliation as low-cost epitaxial templates. Both of 
conductive p-type/p-type and n-type/n-type of InP/Si structures were prepared, which are 
applicable for solar-cell applications. Surface roughness of as-transferred InP films was 
around 100 Å, which was not ideal for subsequent epitaxial growth. This InP surface 
roughness was improved through chemical etching and CMP (Chemical Mechanical 
Polishing). Chemical etchants including oxidizer, dissolving acid, weak-acid diluent were 
found to smoothen the InP surface down to 30 Å RMS from 100 Å of as-transferred films. 
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Furthermore, less-than-10 Å RMS was achieved by CMP.  
 
At this point, this approach of direct-bonded InP/Si substrate structures have not been 
successful yet as seen in the delamination of InP films in MOCVD due to the thermal 
expansion mismatch between InP and Si. However, if we could enhance the interfacial 
strength and stand in the growth process by such methods as thinning the InP film to give 
flexibility to endure the strain, bonding initiation at higher temperature, and reduction of 
growth temperature, InP/Si direct-bonded substrates would be more useful than the 
InP/SiO2/Si substrates since InP/Si substrates have conductive bonded interface and 
therefore can take front/back metal contact configuration for the cell fabrication, not the 
complicated front/front configuration.  
 
InP/SiO2/Si substrates with PECVD-deposited SiO2 layers on Si were also successfully 
fabricated and they were thermally more stable than the InP/Si substrates, enough to 
survive in the MOCVD process for InGaAs growth without delamination of the InP film, 
which indicates a feasible thermal stability of this alternative substrate for III-V 
semiconductor compound solar cell growth.  
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Fig. 5.1 Schematic cross-sectional diagram of a InGaP/GaAs/InGaAsP/InGaAs four-
junction solar cell. 
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Fig. 5.2 Schematic of the layer transfer process. 
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Fig. 5.3 Photograph of a layer-transferred InP/Si alternative substrate. 
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Fig. 5.4 Typical AFM topological image for InP surface of the as-transferred InP/Si 
alternative substrate. 
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Fig. 5.5 Schematic flow of InP chemical etching. 
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CH3COOHH3PO4HCl
H3PO4H2O2HF
CH3COOHH2O2HF
CH3COOHH2O2HCl
H3PO4H2O2HCl
agent 3agent 2agent 1
 
 
 
 
 
 
Table 5.1 List of the chemical solutions for InP smoothening used in this study. Agent 1, 
2 and 3 are dissolver, oxidizer and diluent, respectively.  
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Fig. 5.6 AFM images for the morphological evolution of the InP surface by the HCl-
H2O2-H3PO4 etching. Note that the scale ranges are set to be equal among images. 
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Fig. 5.7 AFM topological images for successfully smoothened InP surface of InP/Si 
alternative substrates by CMP. RMS roughness was 3-5 A. (Right) Etch pits were 
occasionally found presumably stemming from intrinsic etch pits existing in the InP 
wafers selectively strongly etched in CMP. 
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Fig. 5.8 Cross-sectional scanning electron microscopy (SEM) images for the grown 
InP/InGaAs DH on the InP/Si substrate. 
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Fig. 5.9 Optical photographs of an InP/Si substrate etched by HCl-H3PO4-H2O2 (1:2:2 
vol.) for 20 sec (a) before and (b) after InP/InGaAs DH growth. 
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Fig. 5.10 Thermal expansion of semiconductor materials. 
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Fig. 5.11 Optical micrograph of a layer-transferred InP/Si substrate; one-quarter of a 50 
mm diameter InP layer was transferred onto a 50 mm diameter Si substrate. 
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Fig. 5.12 Cross-sectional transmission electron microscope image of an InP/Si substrate 
fabricated using InP implanted with 115 keV He+ to a dose of 1.0x 1017 cm-2 showing the 
strain contrast caused by defects created during ion implantation and (inset) selected-area 
diffraction image indicating that the InP adjacent to the bonded interface (within ~200 
nm) is crystalline.  
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Chapter 6 InGaAs solar cells grown on InP/SiO2/Si 
bonded substrates  
 
6-1. Introduction 
  In the previous chapter, we successfully fabricated alternative inexpensive InP/SiO2/Si 
substrate structures for III-V semiconductor epitaxial growth. Now we are ready to 
fabricate III-V semiconductor compound solar cells on very inexpensive substrate, silicon, 
using that technology of InP layer transfer. In this study, we grew In0.53Ga0.49As single-
junction solar cells lattice matched to InP on the fabricated InP/SiO2/Si alternative 
substrate structures prepared with wafer bonding and layer transfer.  
 
Aim of this study  
  The aim of the study of this chapter is to demonstrate III-V solar cell growth on the 
prepared alternative inexpensive substrates of InP/SiO2/Si and show the validity of the 
alternative substrate through characterization of the grown cells compared with reference 
cells grown on commercially available epi-ready InP bulk substrates.  
 
6-2. Experimental  
  To test the performance of III-V compound active photovoltaic device layers grown on 
the wafer-bonded InP/Si substrates in functional solar cell structures, single-junction 
InGaAs solar cells were grown on both InP/Si substrates and commercial bulk epi-ready 
InP (001) substrates as a reference by metal-organic chemical vapor deposition 
 108
(MOCVD).  Each of the solar cells had an n-type In0.53Ga0.47As emitter and a p-type 
In0.53Ga0.47As base with bandgap energy of 0.74 eV, nominally lattice-matched to (001) 
InP. Although we have not investigated the strain in these epitaxial InGaAs layers in 
detail yet, it is supposed that they are under tensile strain due to the difference in thermal 
expansion between InP and Si from the analysis with a similar heterostructure in 
Reference 1. The cells were designed to enable convenient and low-resistance contact to 
both base and emitter through the top surface of the cell. A schematic of the InGaAs cell 
structure is shown in Figure 6.1. The cell growth begins with a 1 μm thick InP buffer 
layer doped n-type with a target carrier concentration of 1 x 1019 cm-3 that functions as a 
current spreading layer for lateral back side contact. Back side and front side contacts 
were made using Ti/Au contacts on n-type InGaAs doped with a target carrier 
concentration of 1 x 1019 cm-3. Typical optical micrographs of the front contact pads and 
grids of the InGaAs solar cells grown on the InP/Si substrates and on bulk InP (001) 
substrates are shown in Figure 6.2. An InGaAs tunnel-junction was used to switch the 
carrier type from the p-type in the base to n-type in the back side contact structure, 
allowing the front and back contacts to be fabricated with a single lithographic process. 
The remainder of the structure was typical of a single-junction InGaAs cell consisting of 
an InP window layer, a 300 nm thick n-type InGaAs emitter doped with a carrier 
concentration of 5 x 1018 cm-3, a 3 μm thick p-type InGaAs base doped with a carrier 
concentration of 1 x 1017 cm-3, and a 50 nm thick p-type InP back side field layer doped 
with a carrier concentration of 1-2 x 1018 cm-3. No anti-reflective coating was used in the 
fabrication of the test cells. A typical image of the InGaAs solar cells grown on the InP/Si 
substrate is shown in Figure 6.3. 
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6-3. Results and discussion  
  Light current-voltage (I-V) characteristics of the InGaAs cells grown on the InP/Si 
substrates and on bulk InP (001) substrates were measured under AM1.5 Global 
illumination truncated at 850 nm by a long-pass filter, to mimic the optical configuration 
of subcells under a GaAs cell. The resulting I-V data are shown in Figure 6.4. The device 
parameters for the InGaAs cell grown on the wafer-bonded InP/Si substrate were Jsc = 
24.9 mA cm-2, Voc = 0.30 V and FF = 0.66, where Jsc, Voc and FF are short-circuit current, 
open-circuit voltage and fill factor, respectively. This performance was comparable to 
that of the InGaAs cells grown on bulk InP (001) substrates, Jsc = 21.5 mA cm-2, Voc = 
0.31 V and FF = 0.70. Figure 6.5 shows the spectral responses for the InGaAs solar cells 
grown on the InP/Si substrate and a bulk InP substrate. 
 
  The larger Jsc and the higher quantum efficiency for the cell grown on the InP/Si 
substrate are attributed to enhanced light trapping effects in the wafer-bonded cell 
structure, due primarily to reflection at the bonding interfaces. Noting the large refractive 
index difference at the InP/SiO2/Si bonding interface, nInP ~ 3.5, nSiO2 ~ 1.5 and nSi ~ 3.5 
in the IR region, the reflectivity at the InP/SiO2/Si interface was estimated as follows [2].  
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The subscript j denotes the layer, where the InP, SiO2 and Si layers correspond to j = 0, 1 
and 2, respectively.  Note that the refractive indices Nj are generally complex functions of 
wavelength and are expressed as jjj iknN += , where both nj and kj are real. λ is the 
wavelength in vacuum and the thickness of the SiO2 layer, d1, was set to 420 nm as 
determined by ellipsometry measurement. For the optical constants of In0.53Ga0.47As, the 
data in Reference 3 was used with a modification of the imaginary part of the dielectric 
constant, ε2, fit to the power law around at the absorption edge [4],  
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The bandgap energy Eg of In0.53Ga0.47As was set to be 0.73 eV. The optical constants of 
Si, SiO2 and InP were adopted from Reference 5. The reflectivity at the In0.53Ga0.47As/InP 
interface was also estimated as a reference simply by determining 1r  from Equation 2, 
where the In0.53Ga0.47As and InP layers correspond to j = 0 and 1, respectively. Based on 
this calculation the reflectivity of the InP/SiO2/Si interface is estimated to be ~0.5 at 
maximum in the IR range for normal incidence due to the large refractive index 
differences at the InP/SiO2 and SiO2/Si interfaces, as shown in Figure 6.6. On the other 
hand, the reflectivity at the In0.53Ga0.47As/InP interface is negligibly small compared with 
that at the InP/SiO2/Si bonding interface, as seen in Figure 6.6, due to the small 
difference in the refractive indices between In0.53Ga0.47As and InP, nIn0.53Ga0.47As ~ nInP ~ 
3.5 in the IR region. Particularly the reflectivity of the InP/SiO2/Si interface significantly 
increases after 1200 nm, which well explains the enhanced photocurrent for the InGaAs 
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cell grown on the InP/Si substrate relative to that on a bulk InP substrate seen in the 
spectral responses of Figure 6.5.  
 
  Absorption in the In0.53Ga0.47As layer was also calculated using a one-dimensional 
optical computational package [6]. This simulation was performed for a structure 
consisting of air/ In0.53Ga0.47As (3650 nm)/ InP (1400 nm)/ SiO2 (420 nm)/ Si for the cell 
on the InP/Si substrate and air/ In0.53Ga0.47As (3650 nm)/ InP for the reference cell grown 
on a bulk InP substrate. The enhanced photocurrent and the oscillatory variation of the 
spectral quantum efficiency for the InGaAs cell on the InP/Si substrate were well-
modeled by a simple one-dimensional optical calculation of the absorbance of the 
In0.53Ga0.47As layer in the In0.53Ga0.47As/InP/SiO2/Si structure relative to the 
In0.53Ga0.47As/InP reference structure, as shown in Figure 6.5.   
 
  Light trapping effects might also be enhanced by the slightly rougher top surface for 
cells grown on InP/Si substrates, attributable to the increased roughness of the InP/Si  
substrate growth surface (~10 nm-rms), relative to the bulk, epi-ready InP (001) 
substrates (<1 nm-rms) [7, 8]. This light I-V characteristic result indicates that the 
fabricated InP/Si substrates are promising alternative substrates to InP bulk wafers for 
InGaAs solar cell fabrication. The obtained Jsc of 24.9 mA cm-2 for the InGaAs cell on 
the InP/Si substrate is large enough to current match to state-of-art InGaP/GaAs two-
junction cells [9, 10]. This InGaAs cell is therefore a strong candidate for the bottom cell 
of an ultrahigh efficiency three-junction cell with its significantly higher Voc than the 
conventional Ge bottom cell [11-13].  
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6-4. Conclusions  
  We have demonstrated InGaAs solar cell fabrication on layer-transferred InP/Si 
substrates. Such InP/Si substrates could be used as substrates for InGaAsP/InGaAs dual-
junction solar cells lattice-matched to InP as well as conventional InP single-junction 
cells. Ultimately, InP/Si substrates are extendable to fabrication of ultrahigh efficiency 
four-junction AlInGaP/GaAs/InGaAsP/InGaAs cells via a direct bond interconnect 
between subcell structures of InGaAsP/InGaAs grown on InP/Si and AlInGaP/GaAs 
grown on GaAs to form the overall four junction cell structure.  
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Fig. 6.1 Schematic cross-sectional view of the InGaAs solar cell grown on the InP/Si 
substrates. 
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Fig. 6.2 Optical micrographs of the InGaAs cells, including contact pads and grids, 
fabricated on (left) an InP/Si substrate and (right) a bulk InP (001) substrate. The contact 
pad on the left is the n-side contact and the pad on the right is the p-side contact. 
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Fig. 6.3 Optical micrograph of the InGaAs solar cells grown on an InP/Si substrate. 
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Fig. 6.4 Typical light I-V curves for the In0.53Ga0.47As solar cells grown on an InP/Si 
substrate and on a commercial epi-ready InP substrate. The I-V measurements were 
performed under AM1.5G illumination truncated at 850 nm. 
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Fig. 6.5 Measured spectral responses for the In0.53Ga0.47As solar cells grown on an InP/Si 
substrate and on a commercial epi-ready InP substrate. The calculated absorbance of the 
In0.53Ga0.47As layer for In0.53Ga0.47As/InP/SiO2/Si (solid line) and In0.53Ga0.47As/InP (dot 
line) structures are also plotted. 
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Fig. 6.6 Calculated reflectivities of the InP/SiO2/Si and In0.53Ga0.47As/InP interfaces. 
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Chapter 7 Plasmonic GaAs Solar Cells 
 
7-1. Introduction 
7-1-1. Plasmonics for solar cell applications 
Metal nanoparticles are known to exhibit distinctive optical characteristics, such as 
surface-enhanced Raman scattering (SERS) and second harmonic generation (SHG), 
relative to the bulk form of metals. [1-3] Representatives of the use of metal 
nanoparticles are biomolecular manipulation, labeling and detection with SERS. [4, 5] 
Other optoelectronic fields inspired by metal nanoparticles are also emerging, such as 
multiphoton absorption and fluorescence excitation for microscopy, microfabrication and 
optical data storage [6, 7].   
 
These characteristics highly rely on the surface plasmon absorption, an enhanced 
absorption of light or electromagnetic fields by coupling between the incident photons 
and collective oscillation of free electrons at the metal surface. [8, 9] It was theoretically 
suggested that electromagnetic energy can be guided along periodic chain arrays of 
closely spaced metal nanoparticles that convert the optical mode into non-radiating 
surface plasmons. [10] Such plasmonic devices exploit light localization in the dipole-
dipole coupling, or collective dipole plasmon oscillations of electrons, in neighboring 
nanoscale metal particles at the plasmon frequency. Plasmon waveguides consisting of 
closely spaced Ag nanoparticles with diameters around 30 nm have been experimentally 
observed to guide electromagnetic energy over distances of several hundred nanometers 
via near-field particle interactions. [11] Furthermore it has been suggested that light can 
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be routed efficiently around sharp corners of nanoparticle chain arrays. [12] Such 
plasmon waveguide technologies can potentially be utilized for construction of all-optical 
nanoscale network. [13-15]  
 
  Solar cell structures have been suffering from such a trade-off on the thickness of the 
active photovoltaic layers as follows. Thinner photovoltaic layers will have less light 
absorption while thicker layers will have more bulk carrier recombination, as 
schematically depicted in Figure 7.1. Both of these two factors would be losses for the 
solar cell electrical output converted from the incident sunlight energy. Therefore the 
thickness of the active photovoltaic layer is usually optimized to maximize the energy 
conversion efficiency through that trade-off.  
 
Metallic nanostructures can excite surface plasmons and can dramatically increase the 
optical path length in thin active photovoltaic layers to enhance overall photoabsorption, 
as described in the following sections. This effect has potential for cost and weight 
reduction with thinned layers and also for efficiency enhancement associated with 
increased carrier excitation level in the absorber layer.  
 
In this study, we have investigated two types of “plasmonic” solar cells described as 
follows.  
 
7-1-2. Plasmonic solar cells with metal nanoparticles  
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Metal nanoparticles placed on solar cell surfaces can act as “antennas” to collect the 
incident light with their large extinction cross section near the surface plasmon resonance 
and then scatter the incident light into a wide range of angles to increase the optical path 
length in the absorber layer. This effect has potential for cell cost and weight reduction 
resulting from use of thinner absorber layers and also for efficiency enhancement 
associated with increased carrier excitation level. Several research groups have observed 
photocurrent enhancement for Si cells by this scheme. [16-22] Applications of such 
plasmonic metal nanoparticles to other types of solar cells such as dye-sensitized solar 
cells and organic solar cells have been also reported. [23-25] No such study however has 
been done, to the best of our knowledge, for III-V semiconductor compound solar cells 
even though the very same trade-off between the absorption length and the carrier 
diffusion length exists also in III-V cells. In this study we specifically investigate the 
effect of arrays of subwavelength-size metal particles on GaAs solar cell absorption and 
photocurrent.  
 
7-1-3. Plasmonic solar cells with metallic back structures 
By placing a metallic layer at the bottom of a photovoltaic layer as schematically 
depicted in Figure 7.2, incident light can couple into surface plasmons propagating at the 
semiconductor/metal interface via some subwavelength-size feature such as nanoscale 
grooves. [15, 26-28] In this way, we can convert the direction of energy flux from normal 
to lateral direction relative to the photovoltaic layer. This is a novel concept to utilize 
such surface plasmon propagation for solar cell applications to harvest more energy from 
the sun in thin photovoltaic active layers. [29]  
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Some types of conventional solar cells such as silicon solar cells also have metallic 
back reflectors to increase optical path, while III-V semiconductor compound solar cells 
such as GaAs cells have thin photovoltaic active layers on top of thick substrate. 
However, the plasmon-induced absorption enhancement by metallic back structures 
observed in this study would occur significantly only for strongly absorbing or direct 
bandgap semiconductors accounting for the energy dissipation in metals. We calculated 
energy dissipation fraction of coupled surface plasmon polaritons propagating at material 
interfaces into metals and semiconductors as follows. Electrical energy dissipation 
(energy per volume per time) is written as;  
 
( ) ( ) 20 ,"2
1, zxEzxP
rεωε= ,   (Eq. 1) 
 
where ω is frequency of the field, ε” is imaginary part of relative permittivity or 
dielectric function of the medium considered, ε0 is permittivity of vacuum, and E (x, z) is 
the electric field. [30] The x-axis and z-axis were taken to be parallel and normal to the 
plane of the metal/semiconductor interface, respectively, as schematically shown in 
Figure 7.3. In this calculation, I considered semi-infinite thick semiconductor and metal 
layers for simplicity. The electric field components are written as follows, with the 
subscripts 1 for metal and 2 for dielectric.  
 
( ){ }tzkxkiEE jzxjx ω−−= ,0, exp    (Eq. 2)  
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Since E (x, j) and E (z, j) are in phase,  
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Decomposing the complex wavenumbers k into their real and imaginary parts,  
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From Equations 5-8,  
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The energy dissipation at the interface (energy per area per time) for each side of material 
is therefore written as;  
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Then energy dissipation fraction for the dielectric or semiconductor material is;  
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This energy dissipation fraction is simplified by using  
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and 
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which are derived from  
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and 
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The semi-infinite integrals in Equation 12 are conducted as;  
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From Equations 13, 14 and 17, Equation 12 is simplified into;  
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Using this formalism, the energy dissipation fraction in the semiconductor layer from 
the surface plasmons propagating at the semiconductor/metal interface was calculated for 
several combinations of semiconductors and metals, as shown in Figure 7.4. The 
wavelength dependent data of the dielectric functions of metals and semiconductors of 
Palik was used for this calculation. [32] It is found from this result that most energy is 
absorbed by GaAs rather than metals for the visible optical wavelength range, which 
solar cell applications concerns, particularly for the cases with Ag and Al. This means 
GaAs can effectively harvest the energy extracted from the coupled surface plasmons 
beating the Ohmic loss in metals with its strong absorption or large imaginary part of 
dielectric function. On the other hand, silicon, which is a weak absorber, has much lower 
energy absorption fraction suffering from Ohmic loss in metals. This is a great benefit for 
direct bandgap semiconductor materials, which are stronger absorbers, for such types of 
“plasmonic” solar cell applications.  
 
7-2. Plasmonic GaAs solar cells with metal nanoparticle arrays  
7-2-1. Experimental  
Optically thin GaAs solar cells  
  To demonstrate absorption enhancement by metal nanoparticle scattering, ‘optically 
thin’ GaAs solar cells (i.e., absorber layer thickness << absorption length) with a 50nm-
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thick p-type emitter on top of a 150nm-thick n-type base were grown by metalorganic 
chemical vapor deposition.  Dense arrays of metal nanoparticles were then deposited onto 
the Al0.8Ga0.2As window layer of the GaAs cells through porous alumina membranes by 
thermal evaporation. A schematic of the optically thin GaAs cell structure is shown in 
Figure 7.5. This cell structure consisted of a 50nm-thick p-type emitter on top of a 
150nm-thick n-type base epitaxially grown on a (001) n-type GaAs substrate by 
metalorganic chemical vapor deposition (MOCVD). The remainder of the structure was 
typical of a single-junction GaAs solar cell consisting of a 30 nm thick p-type 
Al0.8Ga0.2As window layer and a 500 nm thick n-type Al0.8Ga0.2As back side field (BSF) 
layer. Front and back side electrical contacts were made using 150 nm thick Au contacts 
formed by thermal evaporation with a standard optical lithography for the front contact. 
No anti-reflective coating was used in the fabrication of the cell structure.   
 
Metal nanoparticle arrays 
Dense arrays of metal nanoparticles were deposited onto the window layers for both 
types of the GaAs solar cells through porous alumina (Al2O3) membranes by thermal 
evaporation. The electrochemical fabrication of the porous membranes [33, 34] and metal 
nanoparticle deposition were conducted by Keisuke Nakayama of Caltech. Details of the 
porous alumina membrane preparation and characterization are described somewhere else. 
[35] The Ag particle diameter ranged from 60-150 nm, and interpartice spacing ranged 
from 100-300 nm, with particle shape in the form of upright circular cylinders.  The Ag 
nanoparticle dimensions were quite uniform across each cell sample due to the uniformity 
of the pore size and spacing in the alumina membranes, for which pore diameters were 
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carefully controlled during the membrane preparation.  The height of the metal 
nanoparticles was controlled simply with the deposition thickness in the thermal 
evaporation process.  Figure 7.6 shows scanning electron microscope (SEM) images of 
the Ag nanoparticle arrays with a diameter of 60 nm and heights ranging through 10 nm 
to 75 nm deposited on the GaAs solar cells. 
 
  In this way, we obtained quite uniform, dense arrays of metal nanoparticles. We can 
control the particle diameter and spacing by the fabrication conditions of the porous 
membranes, and particle height simply by deposition thickness. All previously reported 
studies for solar cells with metal nanoparticles [16-25] simply used thermal annealing 
after evaporation of thin metal films to form metal nanoparticles through thermal 
aggregation. Relative to this method, the advantages of our metal nanoparticle fabrication 
scheme are represented by the excellent uniformity and controllability for the particle 
shape and size and no need for post annealing.  
 
Characterization of the metal nanoparticles and the cells 
Spectral response measurements for the fabricated “optically-thin” GaAs solar cells 
with and without metal nanoparticles of Ag and Al were taken to determine the effect of 
metal nanoparticles. Transmission measurements for the Ag and Al nanoparticles were 
obtained from samples deposited on glass slides whose dimensions were similar to those 
used for the cell measurements.  
 
7-2-2. Optical model  
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  To understand the role of the metal nanoparticles on the GaAs solar cells thoroughly, a 
simple optical model to represent the absorption enhancement in the photovoltaic layers 
with metal nanoparticles on top has been developed. As an overview, we calculated the 
absorbance in the GaAs cells considering scattering and absorption by the metal particles, 
accounting the particles’ surface coverage, reflectivity at the air/GaAs interface, angular 
dependence of scattered light, extinction efficiency factor, which is extinction cross-
section of the particles normalized by the geometrical cross-section (means how large the 
incident light feels for the particles), and radiation efficiency, which represents how much 
light interacting with the particles is scattered rather than being absorbed. We calculated 
these factors for oblate spheroid particles in the quasistatic limit using an effective 
medium approximation accounting for the influence of both air and GaAs. The 
calculation details follow.  
 
  For simplification, we considered only GaAs photovoltaic layer neglecting the AlGaAs 
window layer. (Note that the refractive indices of GaAs and AlGaAs are similar.)   
  Absorption fraction of the incident light in a GaAs layer with a thickness of L is simply;  
 
( ) ( )( LA )λαλ −−= exp10 ,   (Eq. 19) 
 
where α is the absorption constant of GaAs and λ is the wavelength in vacuo.  The 
angular distribution of the light intensity scattered by sub-wavelength sized particles in 
the quasistatic limit is known to be;  
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( ) 02cos1 II sca θ+∝ ,   (Eq. 20)  
 
where the angle θ is measured from the forward to the scattered directions. [36]  The 
absorption fraction for the scattered light is;  
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accounting that the optical path in the GaAs layer is increased from L into L/cosθ.  Total 
absorption fraction for the GaAs layer with nanoparticles on top with a surface coverage 
ξ is;  
 
( ) ( ) ( ) ( ) ( )( ) ( )( ) ( )λλλξλληλξλ θ 011 ARQAQA extradexttot −−+=  (ξQext < 1),   (Eq. 22) 
 
where Qext and ηrad are the extinction efficiency factor (extinction cross section divided 
by geometrical cross section) and the radiation efficiency (scattering cross section 
divided by extinction cross section) for the nanoparticles as defined in References 17 and 
36, respectively.  ξ was 0.4 and 0.3 for the 60nm- and 150nm-diameter cases, 
respectively, as determined from SEM images.  Qext and ηrad were calculated for oblate 
ellipsoidal metal particles with a minor axis parallel to the incident light corresponding to 
the height of the experimental nanoparticles in the quasistatic limit using an effective 
medium approximation for the complex dielectric function of the surrounding medium as 
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( ) ( ) ( )
3
2 λελελε GaAsairmedium += . [36]  The wavelength-dependent complex dielectric 
functions of metals and GaAs were obtained from Reference 32.  Particularly for Al 
nanoparticles, Qext and ηrad were calculated for concentric Al-Al2O3 core-shell ellipsoidal 
particles with an Al2O3 shell thickness of 4 nm accounting for surface oxidation of Al 
particles in the atmosphere. [37, 38]  The reflectivity R at the air/GaAs interface is also 
accounted as follows since our GaAs solar cells had no anti-reflective coating or surface 
structure.  Assuming normal incidence of light into a GaAs layer, the wavelength-
dependent reflectivity is written as;  
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where N is the complex refractive index of air or GaAs. Then we took the ratio of the 
absorbance of Equation 22 to the absorbance without particle to compare with the 
normalized photocurrent data.  
 
7-2-3. Results and Discussion  
Figure 7.7 shows the photocurrent spectra for the GaAs solar cells with metal 
nanoparticles of Ag and Al on top. This photocurrent data is normalized by the spectral 
response of the reference GaAs cell without metal nanoparticles. The maximum 
photocurrent enhancement of 260% is seen around at 900 nm for the GaAs cell with Ag 
nanoparticles with a diameter of 150 nm, a height of 20 nm and 30% surface coverage.  
The normalized photocurrent (J/J0) is seen to be significantly higher for the cells with 
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150nm-diameter nanoparticles relative to those with a 60nm-diameter for almost entire 
spectral range, which can be attributed to the considerably higher radiation efficiency, the 
ratio of the scattering cross-section to the extinction cross-section, for larger metal 
nanoparticles as discussed in a following section.  
 
The transmission spectra for the Ag nanoparticle arrays with a particle diameter of 60 
nm and various particle heights deposited on glass slides is shown in Figure 7.8. Surface 
plasmon resonance in the metal nanoparticles is seen as the dips around at 400-500 nm, 
while no notable scattering is observed for near-IR region. In Figure 7.7, a dip 
presumably due to plasmon resonance for the cell with 60nm-diameter Ag particles is 
seen around at 600 nm, whose discrepancy from the transmission spectra is attributed to 
the effect of different substrates where GaAs has higher refractive index than glass to 
redshift the resonant frequency. The dip around at 350 nm for Ag nanoparticle arrays is 
due to absorption by interband transitions in Ag.  
 
The computed normalized absorption spectra for GaAs solar cells with metal 
nanoparticles are superposed to the experimental normalized photocurrent for the 
corresponding cells in Figure 7.7. This model calculation well reproduces the 
experimental results qualitatively, including the peaks around at 300 nm and 900 nm and 
the dips around at 600 nm for 60nm-diameter Ag and 350 nm for 60nm-diameter Al. The 
dip around at 600 nm in the normalized photocurrent for the cell with 60nm-diameter Ag 
particles, presumably due to the surface plasmon resonance in the Ag particles, is not 
seen for 150nm-diameter. This experimental result is attributed to the significantly higher 
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ηrad (~0.9) for the 150nm-diameter case than that (~0.6) for the 60nm-diameter case 
suppressing the absorption loss in the Ag nanoparticles, as shown in Figure 7.9. For both 
of Ag and Al, higher photocurrent enhancement at 900 nm for 150nm-diameter cases 
than for 60nm-diameter cases is reproduced in the modeling, caused mainly by the higher 
Qext for the larger metal nanoparticles. It is important to note that both Ag and Al particle 
cells suffer from the loss back scattering from metal nanoparticles into the air as seen in 
Equation 20.  
 
Based on these investigations, we have obtained enhancements in net photocurrent, not 
only for longer wavelength range, and efficiency for certain optimized conditions, as 
shown in Figure 7.10.  
 
7-3. Plasmonic GaAs solar cells with metallic back structures 
7-3-1. Experimental 
  Fabrication of the waveguide-like GaAs solar cell structure with a metal back layer, 
schematically shown in Figure 7.11 (a), started with an “inversely grown” GaAs cell 
shown in Figure 7.11 (b). This cell structure consisted of a 50nm-thick n-type base on top 
of a 50nm-thick p-type emitter epitaxially grown on a (001) p-type GaAs substrate by 
MOCVD. The remainder of the structure was typical of a single-junction GaAs solar cell 
consisting of a 30 nm thick p-type In0.49Ga0.51P window layer and a 30 nm thick n-type 
In0.49Ga0.51P BSF layer. This heavily doped In0.49Ga0.51P BSF layer acts also as the 
electrical contact layer to the Ag back reflector layer.  
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  A 500 nm thick Ag bonding layer was deposited by thermal evaporation on the 
In0.49Ga0.51P BSF layer after removing the 3 um thick GaAs layer from the inversely 
grown GaAs cell structure in Figure 7.11 (b) using selective chemical etching with citric 
acid (50% weight aqueous solution) - H2O2 solution (4:1 vol.) at room temperature (~10 
min). This cell structure with an Ag layer was then bonded to an Ag/Cr/Si supporting 
substrate consisting of a heavily doped p-type Si (001) substrate with a 5 nm thick Cr 
adhesion layer and a 500 nm thick Ag bonding layer deposited by sequent thermal 
evaporation. This wafer bonding technique is based on our investigation presented in 
References 39 and 40 and conducted under ~0.5 MPa uniaxial pressure at 200 Co for 10 
hours. Then the GaAs substrate was removed by selective chemical etching with H3PO4 - 
H2O2 (3:7 vol.) at 50 Co for ~1 hour followed by H3PO4 - H2O2 - H2O (1:4:5 vol.) at room 
temperature for ~1 hour. The solution compositions were chosen to maximize the etching 
rate of GaAs for the 3:7 solution and the etching selectivity between GaAs and InGaP for 
the 1:4:5 solution. [41, 42] The InGaP etch stop layer was then removed by HCl (conc.) 
at room temperature for ~1 min. Front and back side electrical contacts were made using 
150 nm thick Au contacts formed by thermal evaporation with a standard optical 
lithography for the front contact. No anti-reflective coating was used in the fabrication of 
the cell structure. 
 
  A reference cell structure, shown in Figure 7.11 (c), is also prepared without removal of 
the 3 um thick GaAs layer, which mimics an absorbing substrate. For this reference cell 
structure, 500 nm thick Ag was deposited on the 3 μm thick GaAs layer and then bonded 
to the Ag/Cr/Si substrate followed by similar cell processes as the waveguide-like cell.  
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  Figure 7.12 shows a cross-sectional SEM image for the fabricated waveguide-like GaAs 
solar cell with an Ag back layer. Figure 7.13 shows photographs of the waveguide-like 
GaAs solar cell with an Ag back layer and the reference cell with a 3 μm GaAs absorbing 
layer. The waveguide-like cell surface looks reddish to our eyes presumably due to back 
reflection of incident light unabsorbed in the GaAs cell by the Ag layer, while the 
reference cell surface is dark gray, typical for optically-thick GaAs solar cells.  
 
  Figure 7.14 shows AFM and SEM images of the surface of the InGaP BSF layer after 
removal of the 3 μm thick GaAs layer, which represents the roughness at the GaAs cell / 
Ag interface. This semiconductor/metal interface had a subwavelength-size roughness, 
with a peak-valley amplitude around 20 nm, so we expect coupling of the incident light 
into surface plasmon mode or photonic waveguide mode by multiple angle scattering to 
enhance absorption.  
 
7-3-2. Results and Discussion  
Figure 7.15 shows the typical light I-V curves for the waveguide-like GaAs cells with 
Ag back structure and the reference GaAs cells under AM1.5 Global solar spectrum with 
1-sun total intensity (100 mW cm-2). The short circuit current is significantly larger for 
the cells with Ag back structure. Incidentally, the open-circuit voltage varied due to 
random shunting, because we have not optimized the process conditions yet, but it does 
not affect short-circuit current much. Figure 7.16 shows the normalized photocurrent 
spectrum, which is the photocurrent of the waveguide-like cell divided by the 
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photocurrent of the reference cell. These light I-V and spectral response results show that 
the waveguide-like GaAs cell obtained overall photocurrent enhancement for entire 
wavelengths. A large peak around at 900 nm, the GaAs bandedge, seen in Figure 7.16 is 
presumably due to multiple-angle reflection at the Ag back layer. Figure 7.16 also shows 
another peak at 600 nm. Figure 7.17 shows the calculated dispersion relation at the 
GaAs/Ag interface and surface plasmon resonance is found at 600 nm, represented by the 
maximum of the wavevector parallel to the interface. One possible cause of this 600 nm 
peak is therefore surface plasmon resonance at the GaAs/Ag interface leading to 
absorption enhancement through incoupling of the incident light into propagating surface 
plasmon polaritons as described in Section 7-1-3. However, as we also calculated the 
absorption enhancement by Fabry-Perot effect in the thin active GaAs layer with 
reflecting back surface, a peak for the normalized absorbance is also found around at 600 
nm, as seen in Figure 7.18. Due to this coincidence, we cannot determine which effect 
caused this 600 nm peak for the photocurrent enhancement for now. This question would 
be figured out by switching the metal from Ag into Al to shift plasmon resonance, or 
changing cell thickness to shift the Fabry-Perot peak for example.  
 
Significantly, the waveguide structure solar cells presented in this chapter consist of 
III-V semiconductor compound materials as thin as a couple of hundreds nanometers, 
which indicates a possibility of significant production cost reduction relative to 
conventional III-V solar cells. Although the GaAs substrates were wasted by the etch 
back process after wafer bonding in this work, the layer transfer technologies developed 
in Chapters 5 and 6 could be employed to reuse a single GaAs substrate repeatedly.  
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7-4. Conclusions  
In this chapter two types of “plasmonic” GaAs solar cell were investigated. Firstly, 
absorption enhancement by metal nanoparticle scattering in ‘optically thin’ GaAs solar 
cells was shown. Dense arrays of metal nanoparticles were deposited directly onto the 
Al0.8Ga0.2As window layer of the GaAs cells through porous alumina membranes by 
thermal evaporation. Spectral response measurements revealed photocurrent 
enhancements up to 260% at 900 nm for a GaAs cell with Ag nanoparticles with 150 nm 
diameter, 20 nm height and 30% surface coverage, relative to reference GaAs cells with 
no metal nanoparticle array. This photocurrent enhancement and the spectral behavior of 
the normalized photocurrent are qualitatively reproduced by a simple optical model 
representing surface plasmon resonance of metal nanoparticles and multi-angle scattering. 
Particularly, larger subwavelength-size metal particles resulted in larger photocurrent due 
to higher radiation efficiencies both for Ag and Al. Secondly, waveguide-like GaAs solar 
cells with metallic back structures were introduced. Ultrathin GaAs cells with Ag back 
layers were fabricated through wafer bonding and layer transfer with selective etch back 
of the GaAs substrates. This waveguide-like GaAs cell showed net photocurrent 
enhancement throughout the solar spectral range relative to the reference GaAs cell with 
an absorbing GaAs back layer. A large peak for the normalized photocurrent around at 
the GaAs bandedge was found and attributed to multiple-angle reflection at the Ag back 
layer. A smaller peak was found at 600 nm and is due either to surface plasmon coupling 
or Fabry-Perot resonance effect.  
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Fig. 7.1 Schematic for the trade-off issue in photovoltaic layer thickness. Thinner 
photovoltaic layers will have less light absorption (left) while thicker layers will have 
more bulk carrier recombination (right).  
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Fig. 7.2 Schematic cross-sectional of a solar cell structure with a back metal layer. The 
incident light is incoupled into surface plasmons propagating at the semiconductor/metal 
interface via subwavelength-size grooves to increase the optical path by switching the 
light direction from normal to the photovoltaic layer to lateral. 
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Fig. 7.3 Schematic of the layer configuration considered for the energy dissipation 
calculation. 
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Fig. 7.4 Calculated energy dissipation fraction in the semiconductor layer from the 
surface plasmons propagating at the semiconductor/metal interface, depending on 
incident photon energy (a) and wavelength (b). 
 
 147
 
 
 
 
 
GaAs
30nm Al0.8Ga0.2As window (Zn 1x1018cm-3)
50nm GaAs emitter (Zn 4x1018cm-3)
150nm GaAs base (Si 2x1017cm-3)
500nm Al0.8Ga0.2As BSF (Si 2x1018cm-3)
1um GaAs buffer (Si 2x1018cm-3) 
GaAs substrate (Si ~1x1018cm-3)
Au
Au  
 
 
Fig. 7.5 Schematic cross-sectional diagram of the optically thin GaAs solar cell structure.  
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Fig. 7.6 Scanning electron microscope (SEM) images of the Ag nanoparticle arrays with 
a diameter of 60 nm and heights ranging through 10 nm to 75 nm deposited on the GaAs 
solar cells with a viewing angle of 75 degree. 
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Fig. 7.7 Normalized photocurrent spectra for the GaAs solar cells with (a) Ag and (b) Al 
nanoparticles. Computed normalized absorbance curves in the GaAs solar cells with Ag 
and Al nanoparticles based on the optical model are also plotted. 
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Fig. 7.8 Straight optical transmission spectra of Ag nanoparticle arrays with a particle 
diameter of 60 nm and various particle heights deposited onto glass substrates. 
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Fig. 7.9 Calculated radiation efficiency for Ag nanoparticles. 
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Fig. 7.10 (a) Normalized photocurrent and external quantum efficiency spectra and (b) 
light I-V characteristics under AM1.5G 1-sun solar spectrum for the GaAs solar cells 
with Ag nanoparticles with a diameter of 70 nm and height of 100 nm.  
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Fig. 7.11 Schematic cross-sectional diagrams of (a) the waveguide-like GaAs solar cell 
with metal back layer, (b) the inversely grown GaAs solar cell used for the waveguide-
like cell structure and (c) the reference cell. 
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Fig. 7.12 Cross-sectional SEM image for the fabricated waveguide-like GaAs solar cell 
with an Ag back layer. Note that a selective chemical etching was applied for the purpose 
to clarify each layer. 
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Fig. 7.13 Photographs of (a) the waveguide-like GaAs solar cell with an Ag back layer 
and (b) the reference cell with a 3 μm GaAs absorbing layer. 
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Fig. 7.14 (a) AFM and (b) SEM images of the surface of the InGaP BSF layer after 
removal of the 3 μm thick GaAs layer, which represents the roughness at the GaAs cell / 
Ag interface. 
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Fig. 7.15 Typical light I-V curves for the waveguide-like GaAs cells with Ag back 
structure and the reference GaAs cells under AM1.5 Global solar spectrum with 1-sun 
total intensity (100 mW cm-2). 
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Fig. 7.16 Normalized photocurrent spectrum of the waveguide-like GaAs solar cell 
relative to the photocurrent of the reference cell. 
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Fig. 7.17 Calculated dispersion relation at GaAs/Ag interface. Surface plasmon resonance 
peak is found at 600 nm, represented by the maximum of the wavevector k parallel to the 
interface. 
 164
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
1
2
3
4
5
6
7
400 500 600 700 800 900 1000
Wavelength (nm)
Normalized photocurrent (expt.)
Normalized absorbance (calc.)
Scaled kx_Ag/GaAs (calc.)
rm
ze
d
lu
(-
)
es
 
 v
a
al
i
N
o
Fig. 7.18 Calculated normalized absorbance for the waveguide-like GaAs solar cell 
accounting Fabry-Perot resonance effect in the thin GaAs layer with the Ag back layer, as 
well as the wavevector parallel to the GaAs/Ag interface shown in Figure 7.17, 
superposed to the normalized photocurrent data in Figure 7.16. 
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Chapter 8 Summary 
  In this thesis, I have investigated three major topics, wafer-bonded multijunction solar 
cells, low cost alternative III-V-on-Si substrates and plasmonic solar cells.  Wafer 
bonding technologies were applied for all of these three projects.  Lattice-matched 
monolithic two-terminal GaAs/In0.53Ga0.47As dual-junction solar cells were fabricated 
through GaAs/InP direct wafer bonding.  InP/Si direct wafer bonding and also bonding 
with a SiO2 bonding layer enabled high efficiency In0.53Ga0.47As solar cells on Si via 
InP/Si alternative substrates.  Ultrathin GaAs solar cells with Ag back structure were 
prepared through wafer bonding of Ag-on-GaAs and Ag-on-Si wafers. I thus have 
demonstrated various potential applications of wafer bonding with its excellent flexibility 
for materials choice focusing on novel solar cell structures.  
 
  Low resistance Ohmic GaAs/InP junctions were obtained overcoming ~4% lattice 
mismatch using direct wafer bonding technique. The key factors were reduction of the 
interfacial oxygen and hydrogen by annealing in reduction atmosphere and high doping 
for the interfacial bonding layers to induce tunneling current. The obtained bonded 
GaAs/InP structures are suitable for lattice-mismatched multijunction solar cell 
applications with their highly conductive interfaces. Simple considerations suggest that 
for such a cell the currently-reported interfacial resistance smaller than 0.1 Ohm-cm2 
would result in a negligible decrease in overall cell efficiency of ~0.02%, under 1-sun 
illumination. 
A direct-bond interconnected multijunction solar cell, a two-terminal monolithic 
GaAs/InGaAs dual-junction cell, was then fabricated for the first time to demonstrate a 
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proof-of-principle for the viability of direct wafer bonding for solar cell applications. The 
bonded interface is a metal-free n+GaAs/n+InP tunnel junction with highly conductive 
Ohmic contact suitable for solar cell applications overcoming the 4% lattice mismatch. 
The quantum efficiency spectrum for the bonded cell was quite similar to that for each of 
unbonded GaAs and InGaAs subcells. The bonded dual-junction cell open-circuit voltage 
was equal to the sum of the unbonded subcell open-circuit voltages, which indicates that 
the bonding process does not degrade the cell material quality since any generated crystal 
defects that act as recombination centers would reduce the open-circuit voltage. Also, the 
bonded interface has no significant carrier recombination rate to reduce the open circuit 
voltage.  
Such a wafer bonding approach can also be applied to other photovoltaic 
heterojunctions where lattice mismatch accommodation is also a challenge, such as the 
(Al)InGaP/GaAs/InGaAsP/InGaAs four-junction tandem cell by bonding a GaAs-based 
lattice-matched (Al)InGaP/GaAs subcell to an InP-based lattice-matched 
InGaAsP/InGaAs subcell.  
 
Low cost InP/Si alternative substrates were successfully fabricated by He implantation 
of InP prior to bonding to a thermally oxidized Si substrate and annealing to exfoliate an 
InP thin film. The thickness of the exfoliated InP films was only 900 nm, which means 
hundreds of the InP/Si substrates could be prepared from a single InP wafer in principle. 
The photovoltaic current-voltage characteristics of the In0.53Ga0.47As cells fabricated on 
the wafer-bonded InP/Si substrates were comparable to those synthesized on 
commercially available epi-ready InP substrates, and had a ~20% higher short-circuit 
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current which we attribute to the high reflectivity of the InP/SiO2/Si bonding interface. 
This work provides an initial demonstration of wafer-bonded InP/Si substrates as an 
alternative to bulk InP substrates for solar cell applications.  
Ultimately, the InP/Si substrates are also extendable to fabrication of ultrahigh 
efficiency four-junction (Al)InGaP/GaAs/InGaAsP/InGaAs cells via a direct bond 
interconnect between subcell structures of InGaAsP/InGaAs grown on InP/Si and 
(Al)InGaP/GaAs grown on GaAs to form the overall four junction cell structure. 
 
Two types of “plasmonic” GaAs solar cell were investigated. Firstly, absorption 
enhancement by metal nanoparticle scattering in ‘optically thin’ GaAs solar cells was 
shown. Dense arrays of metal nanoparticles were deposited directly onto the Al0.8Ga0.2As 
window layer of the GaAs cells through porous alumina membranes by thermal 
evaporation. Spectral response measurements revealed photocurrent enhancements up to 
260% at 900 nm for a GaAs cell with Ag nanoparticles with 150 nm diameter, 20 nm 
height and 30% surface coverage, relative to reference GaAs cells with no metal 
nanoparticle array. This photocurrent enhancement and the spectral behavior of the 
normalized photocurrent are qualitatively reproduced by a simple optical model 
representing surface plasmon resonance of metal nanoparticles and multi-angle scattering. 
Particularly, larger subwavelength-size metal particles resulted in larger photocurrent due 
to higher radiation efficiencies both for Ag and Al. Secondly, waveguide-like GaAs solar 
cells with metallic back structures were introduced. Ultrathin GaAs cells with Ag back 
layers were fabricated through wafer bonding and layer transfer with selective etch back 
of the GaAs substrates. This waveguide-like GaAs cell showed net photocurrent 
 168
enhancement throughout the solar spectral range relative to the reference GaAs cell with 
an absorbing GaAs back layer. A large peak for the normalized photocurrent around at 
the GaAs bandedge was found and attributed to multiple-angle reflection at the Ag back 
layer. A smaller peak was found at 600 nm and is due either to surface plasmon coupling 
or Fabry-Perot resonance effect.  
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Appendix: Calculation codes  
 
  The calculations conducted in this Thesis were mostly all-analytical and therefore any 
reader could straightforwardly reproduce the results. There however are a couple of 
numerial calculations and I would like to explain them in this Appendix chapter.  
 
  The detailed balance limit efficiency calculation conducted in Chapter 2 contained only 
one analytical calculation. Equation 10 is a transcendental equation about Vm and I used 
the “Solver” function of Microsoft Excel to find the Vm which minimize the square of 
(left hand - right hand).  
 
  For Equation 21 in Chapter 7, absorbance in multiple-angle scattering, the integration of 
this equation cannot be solved analytically. I therefore conducted a numerical integration 
with forward Euler method with a trapezoidal approximation using Visual Basic A, built 
in Microsoft Excel. The code follows:  
 
Sub integration_5() 
 
'theta, s: angle 
'alpha, a: absorption coefficient 
'L: PV layer thickness 
'F: absorbed fraction (the goal of this program) 
'dF: part of F of that mesh (F = sum of dF's) 
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Dim s, ds, a(1000), L, F, dF As Double 
 
L = [a7] 
ds = ([a13] - [a10]) / [a16] 
 
Dim i, i_final, j, j_final As Long 
 
 
j = 0 
j_final = [a19] - 4 
 
Do 
 
a(j) = Cells(j + 4, 15).Value 
'In this macro, a(j) is actually the integrated alpha*L, not alpha. 
 
i = 0 
i_final = [a16] - 1 
F = 0 
s = [a10] 
 
Do 
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If a(j) = 0 Then 
 
dF = 0 
 
ElseIf s > Cells(j + 4, 10).Value * 3.14159265358979 / 180 Then 
 
dF = ds * 2 / 3 / 3.14159265358979 * (1 + (Cos(s)) ^ 2) 
 
Else 
 
'integration equation 
'You can choose one of the two methods below. 
'Trapezoidal method requires less meshes for convergence, but easier to overflow. (I don't 
know why.) 
'forward Euler 
dF = ds * 2 / 3 / 3.14159265358979 * (1 + (Cos(s)) ^ 2) * (1 - Exp(-1 * a(j) / Cos(s))) 
'considering one perfect reflection at the back surface 
 
'trapezoidal 
'dF = ds * (2 / 3 / 3.14159265358979 * (1 + (Cos(s)) ^ 2) * (1 - Exp(-a(j) * L / Cos(s))) + 
2 / 3 / 3.14159265358979 * (1 + (Cos(s + ds)) ^ 2) * (1 - Exp(-a(j) * L / Cos(s + ds)))) / 2 
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'dF = ds * (1 / 3 / 3.14159265358979 * (1 + (Cos(s)) ^ 2) * (1 - Exp(-a(j) * L / Cos(s))) + 
1 / 3 / 3.14159265358979 * (1 + (Cos(s + ds)) ^ 2) * (1 - Exp(-a(j) * L / Cos(s + ds)))) 
 
End If 
 
F = F + dF 
 
If i = i_final Then Exit Do 
s = s + ds 
i = i + 1 
 
Loop 
 
'output F into the cells on the worksheet 
Cells(j + 4, 16) = F 
 
If j = j_final Then Exit Do 
j = j + 1 
 
Loop 
 
Beep 
Beep 
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Beep 
 
End Sub 
 
 
 
 
